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INTRODUCTION 

Proteins are one of the most abundant and diverse classes of antigens to which 
the innmune system can respond. These include transplantaUon antigens, anti- 
gens of infectious and parasitic organisms, and allergens. An understanding 
of host defense mechanisms and of the ability to distinguish self from nonself 
requires a knowledge of the structural basis for protein antigenicit>'. The advent 
of hybndoma technology (1) to produce monoclonal antibodies, each of which 
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binds to a specific area on the protein surface known as an antigenic site, has 
provided a powerful new tool for investigating antigen structure. Recent stud- 
ies from a number of laboratories using monoclonal antibodies directed toward 
structurally defined protein antigens have produced a large body of new infor- 
mation which necessitates a reevaluation of the nature and distribution of the 
antigenic sites on proteins. Although in this review we emphasize those anti- 
genic sites lantigenic determinants or epitopes (2), terms used interchangea- 
bly] recognized by antibodies, we also include limited recent data on the nature 
of the sites recognized by T cells. 

Immunogenicity indicates the ability to elicit an immune response and is the 
summation of a variety of influences that reflect the previous history of the 
animal as well as its genetic attributes: the available B-cell repertoire, the 
activity of T-helper cells and T-suppressor cells, the idiotype network, and the 
major histocompatibility complex (MHC). In contrast, antigenicity merely 
implies the ability to be recognized by the product of the immune response, 
i.e. antibodies or immune cells. As has recently been emphasized (3), chem- 
ically synthesized peptides may elicit antibodies reactive with determinants 
on the native protein. The present discussion, however, is limited to studies 
where antibodies were elicited by immunization with the native protein. While 
peptides or other derivatives may have been used in such studies to identify 
antigenic sites reactive with antibody, the sites under discussion are those that 
are immunogenic on the native molecule. 

The fact that antibodies elicited by a native protein often do not react with 
the denatured form (4,5) and that specific antibodies can be raised against 
peptides of undefined conformation (3,5 - 9) led to the definition of two classes 
of antigenic determinants. Conformational determinants were defined as 
dependent on the native spatial conformation of the protein, while sequential 
determinants were defined as depending only on the amino acid sequence of 
the corresponding peptide segment (9,10). This operational distinction does 
not imply different antigenic binding mechanisms. A "conformational" deter- 
minant on a native protein can usually be inhibited from interacting with its 
antibodies by a large molar excess of the corresponding "sequential*' peptide. 
The native conformation is one of many conformations that such a peptide 
fragment can assume in solution (9-13). All determinants are now seen to be 
conformational in the sense that the antibody combining sites will bind with 
a measurable affinity only to that population of antigen conformers which 
presents a complementary constellarion of interacting side chains. It follows 
that antigenic determinants are topographic, i.e. composed of structures on 
the protein surface. Topographic determinants may be contained within a 
single segment of the amino acid sequence (but not necessarily involving all 
contiguous residues in the segment), or assembled from residues far apart in 
the amino acid sequence but brought together on the surface by the folding of 
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the protein in its native conformation. This latter category probably represents 
the major group of conformational determinants. Of particular importance in 
discussions of antigenicity in proteins are the amino acid sequence differences 
among evolutionary variants of a protein. Such differences often have little or 
no detectable effect on the backbone conformation but can produce antigen- 
ically crucial changes in the nature of the protein surface (14-16). 

It must be emphasized that the set of specificities that predominate after 
immunization with the native protein is clearly not equal to the total potential 
repertoire. Certain sequences or even individual residues on the surface of 
proteins have been identified as "immunodominant" sites, i.e, those to which 
most of the immune response is directed. Several mechanisms could explain 
immunodominance. One view is that special structural properties intrinsic to 
certain regions of a protein make these regions immunodominant. An alter- 
native view is that immunodominance of a given region depends on the reg- 
ulatory mechanisms of the host, including tolerance to structures resembling 
self, immune response genes, the specificity of T-cell help, and idiotype networks. 

Many questions remain, and we explore some in this review. Can all surface 
structures on a protein molecule be recognized by the immune system as 
determinants? Are there sites that are intrinsically immunogenic, independent 
of the responding species? How many of the potential determinants are rec- 
ognized by an individual's B and T cells? To what extent do homologous 
proteins in the responding individual affect the expressed repertoire? What is 
the relationship between the expressed repertoires of B and T cells? How does 
the expressed T-cell repertoire regulate the B-cell repertoire? 

The studies described below have used four structurally well-characterized 
globular proteins — myoglobin, lysozyme c, cytochrome c, and serum albu- 
min — as model antigens. Although some different approaches were employed 
in the study of each protein, several major common conclusions emerge. First, 
most, if not all, of the surface of a protein may be immunogenic and antigenic 
and may include multiple, overlapping determinants. Second, most antigenic 
sites consist of a three-dimensional array of amino acid residues that require 
the native conformation of the protein for their antigenic integrity. Third, on 
a given antigen the subset of potential determinants that are immunogenic 
varies from species to species and depemis on the structural differences between 
that antigen and the host's self proteins, and on regulatory mechanisms that 
govern interactions among the many subpopulations of cells generating the 
immune response. 

MYOGLOBIN 

Sperm whale myoglobin, 153 amino acid residues long, was one of the first 
proteins to be sequenced (17) and to have its three-dimensional structure deter- 
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mined by X-ray crystallography (18,19). Therefore, it was also one of the first 
to be chosen as a model antigen, Crumpton & Wilkinson (20) first localized 
some of the antigenic sites using proteolytic fragments of myoglobin to inhibit 
quantitative precipitin reactions. For rabbit antibodies to sperm whaie myo- 
globin, peptides consisting of residues 15-29 and 147-153 inhibited most 
strongly. Three other peptide fragments, 56-69, 70-76, and 139-146, gave 
less inhibition or less consistent inhibition with different antisera. Subse- 
quently, Atassi (21) described "the complete immunochemical anatomy" of 
myoglobin as consisting of five antigenic sites. Each of these sites, residues 
15-22, 56-62, 94-99, 113-119, and 145-151, is composed of six to eight 
consecutive residues at a bend or exposed corner in the native protein. Sites 
I and V are contained in the two major sites observed by Crumpton & Wil- 
kinson (20), and these were also observed by a combined solid-phase peptide 
synthetic and immunoassay procedure in Leach's laboratory (22,23). Site II 
is contained in the peptide 56-69 found to be weakly antigenic with some 
antisera by Crumpton & Wilkinson, Besides describing the two new sites III 
and IV (21), Atassi reported that 99.8% of the antibodies in various antisera 
could be removed by binding sequentially to these five synthetic sites (24). 
Thus, he postulated that these sites constituted the only antigenic determinants 
on sperm whale myoglobin (21,24,25) and that they were the only antigenic 
sites on myoglobins from any mammalian species, regardless of the amino 
acid substitutions at these sites (24,25). It is true that spatially homologous 
regions in a soybean leghemoglobin molecule are immunogenic in spite of the 
great evolutionary distance between mammalian and plant globins (26). How- 
ever, the delineation of antigenic sites using small peptides must be reconsid- 
ered in the light of the recent findings on general charge and hydrophobic 
effects described below. Twining et al (25) also postulated that the antibody 
response to myoglobin is independent of the immunized species, in conflict 
with earlier views on the role of the responding species (14). 

Although the characterization of five antigenic sites of myoglobin consti- 
tuted a historic step in describing the immunochemical anatomy of a protein, 
results from several laboratories published in the last few years have produced 
a new and rather different view of the antigenic structure of myoglobin. These 
recent results disprove some of the earlier generalizations cited above and lead 
to a very different concept of protein antigenicity. ' 

1, One of the most important findings is the existence of a number of 
antigenic sites of myoglobin that are not contained within a single segment of 
a peptide chain but are assembled from several segments. Such sites require 
the native conformation for their integrity and may not exist in complete form 
in any single cleavage fragment of the protein. Some specific antibodies will 
bind peptides containing continuous sequences, albeit with lower affinities 
than they bind the native structure (27), either because the peptides lack the 
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native conformation or because they form only part of a topographic site, or 
both. The degree to which the affinity is lowered depends on the size and the 
conformational equilibrium of the peptide (27). However, binding of a peptide 
to antibodies will siphon the equilibrium over toward the native form, and so 
the antibodies can still be trapped on an immunoadsorbent carrying the peptide 
fragment. 

Early evidence for assembled topographic sites came from a study of the 
cross-reactivities of different myoglobins for the fraction of antibodies to 
beef myoglobin specific for peptide 1-55 of the molecule (28). These anti- 
bodies bind with markedly different affinities to beef, sheep, and pig myo- 
globins in spite of their identity in the 15-22 sequence. These results imply 
either the involvement of other residues outside of residues 15-22 within this 
determinant or the existence of another determinant within the 1-55 fragment. 
Other evidence for the presence of assembled topographic antigenic sites came 
from Lando et al (29), who found that of the antibodies in each of four antisera 
to sperm whale myoglobin (from three different species) that bound with high 
affinity to the native molecule, 30-40% failed to bind to affinity columns of 
any of the three CNBr (cyanogen bromide) cleavage fragments that make up 
the whole protein. None of these results could be explained by the existence 
of five discrete sequential antigenic sites reported earlier (21). 

Independent evidence for assembled topographic antigenic sites on myo- 
globin and of their high frequency of occurrence came from studies of mouse 
monoclonal antibodies to sperm whale myoglobin, none of which bound to 
die aniino-terminal or carboxy-terminal CNBr fragments (30). Six of those 
with high affinity (10* to 10^ M"') (30) were studied in detail, and none 
bound to any of the three CNBr fragments spanning the whole sequence of 
the molecule (31). That is, none bound to sequential sites, including sites 
I-V above. Assignments of antigenic sites could be made for three of these 
monoclonal antibodies by comparing their relative affinities for 13 to 15 dif- 
ferent myoglobins with the sequences of these myoglobins (31). One mono- 
clonal antibody reacted with a site that included Lys 140, a second with a site 
involving Glu 4, Lys 79, and possibly His 12, and a third with a site involving 
Glu 83, Ala 144, and Lys 145 (31). The last two sites are clearly assembled 
topographic sites, in that th^ include residues far apart in the primary sequence 
but brought together on the surface of the molecule by the way it folds in the 
native conformation (Figure 1A,B). Moreover, neither of these sites exists on 
any single CNBr fragment. 

Additional evidence for assembled topographic sites comes from a study of 
two monoclonal antibodies to human myoglobin (33). Based on comparison 
of binding to different myoglobins, one monoclonal antibody was found to 
recognize a site that included residues 34 and 1 13 or possibly 34 and 53 and 
the second a site that included residues 74, 87, and 142. Again, these residues 
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require the native conformation to bring them into mutual proximity (Figure 
1A3). 

In addition to the majority of antibodies that are specific for the native 
conformation, there is some evidence for a smaller subpopulation of antibodies 
with a substantially higher affinity for peptide fragments than for the native 
protein (12), This previously unrecognized population can be enriched by 
affinity chromatography on peptide-Sepharose. In a competitive radioimmu- 
noassay with radiolabeled peptide as tracer, these antibodies require 10^-fold 
more native myoglobin than unlabeled peptide to compete. This population 
may represent antibodies specific for novel sequential determinants or for the 
denatured or cleaved protein. 

2. A new development in our understanding of the antigenic structure of 
myoglobin is the realization that almost any part of the surface may be anti- 
genic, {a) The studies of Hurrell et al (36) and East et al (28), together with 
the evidence cited above (29) that 30-40% of antibodies raised in goat, sheep, 
or rabbit do not bind to any of the three CNBr fragments of sperm whale 
myoglobin, imply that a substantial proportion of the antibodies in a polyclonal 
serum are directed to sites that are not defined simply by sequences I-V 
described earlier (21), Results of pairwise cross-reactivity studies of 13 ceta- 
cean myoglobins of known amino acid sequence and rabbit antisera to 12 of 
them also implied that most of the immunological reactivity was due to regions 
outside sequences I-V (E. M. Prager, A, C. Wilson, unpublished), (b) Of the 
12 residues implicated in the binding sites of five monoclonal antibodies to 
sperm whale or human myoglobin (31,33), only two (residues 113 and 145) 
are within the original five sites. Most of the residues are not considered close 
enough in a nearest-neighbor analysis (37) to perturb these five sites; and their 
effects, therefore, cannot be interpreted as secondary influences on sites I-V. 
(c) A synthetic peptide corresponding to residues 72-88 of beef myoglobin 
(Figure lA), containing none of the residues in sites I-V but including four 
residues, 74, 79, 83, and 87, implicated in the binding of monoclonal anti- 
bodies to human or to sperm whale myoglobin (31,33), bound 16% of the 
antibodies in a rabbit antiserum to beef myoglobin, consistent with the surface 
area of beef myoglobin it occupies (34). Certain monoclonal antibodies to 
beef myoglobin also bind to this peptide (D. Dorow, K. Haynes, P-t, Shi, 
P. E. E. Todd, S. J. Leach, manuscript in preparation), presumably because 
(unlike the five small peptides referred to earlier) it corresponds structurally 
to a substantial surface area in the intact myoglobin. Interestingly in retrospect, 
two of the chymotryptic peptides that bound to one of Crumpton & Wilkinson*s 
(20) rabbit antisera to sperm whale myoglobin were the fragments 70-76 and 
77-89. Therefore, it is clear that this area may represent another substantial 
antigenic region of myoglobins, (d) Other sites outside this area and outside 
the five earlier sites have been identified; for example, the synthetic peptide 
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25-55 of beef myoglobin reacts with polyclonal as well as with two out of 
eight monoclonal antibodies to beef myoglobin (D. Dorow et al, cited above). 
Together, these peptides and the other sites implicated above cover a large 
part of the surface of the molecule. 

3. Another new development in defining the antigenic structure of myo- 
globin is the finding that the five original sites (21) are not always recognized. 
In one study (38) high-titer antisera to sperm whale myoglobin raised in goats, 
sheep, and several strains of high-responder mice were tested for their ability 
to bind to synthetic peptides corresponding to residues 56-63 (site II) and 
93-102 (site III). No binding to either peptide could be demonstrated either 
by competitive or direct binding assays over a wide concentration range. Thus, 
these sites are not recognized by all antisera. In fact, a general problem with 
the use of small peptides to define antibody specificity has come to light in a 
recent study (P-t. Shi, J. Riehm, P. E. E. Todd, S. J. Leach^ manuscript 
submitted) using short synthetic peptides attached to solid-phase resins and 
measuring binding of '^^I-labeled antibodies. Athough peptides corresponding 
to previously reported sequential sites I-V (21) of beef myoglobin bound 
antibodies raised to beef myoglobin, they also bound antibodies to staphylo- 
coccal nuclease nearly as well. Moreover, the antibodies to myoglobin also 
bound to short unrelated peptides in a manner that implicated lysine and 
aromatic residues as main structures determining binding. It was concluded 
that the observed binding of antibodies to short and unstructured peptides of 
two to seven residues is of limited biological significance. Biological speci- 
ficity can be assessed only with peptides that represent larger areas of the 
protein antigen surface and that have demonstrable conformational preferences. 

4. A significant observation, which necessitates revision of the earlier pos- 
tulate that the same sites are recognized regardless of the species immunized 
(24,25), is that antibodies to beef myoglobin raised in sheep have a fine 
specificity very different from that of antibodies to beef myoglobins raised in 
rabbits, dogs, and chickens (H. M. Cooper, I. J. East, P. E. E. Todd, S. J. 
Leach, manuscript submitted). This difference in response is explained by the 
fact that sheep and beef myoglobin differ by only six residues, whereas beef 
myoglobin differs substantially from the myoglobins of the other three responding 
species. The interpretation of such data, in common with those for cytochrome 
c responses (16), is that immunogenicity depends significantly on the differ- 
ence between the immunogen and the responder's homologous protein, and is 
not an inherent property of the antigen alone. 

5. T-cell and antibody responses to myoglobin have quite different fine 
specificities. For instance, antisera raised to sperm whale myoglobin in several 
strains of mice cross-react extensively with horse myoglobin and vice versa 
(39). In contrast, T cells immune to sperm whale myoglobin in three strains 
(BIO.S, B10.D2, BlO.GiD) do not cross-react with horse myoglobin, and T 
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cells immune to horse myoglobin in at least one strain (BIO.S), which is a 
high responder to both myoglobins, do not cross-react with sperm whale myo- 
globin {40,40a). Moreover, an immunodominant site recognized by T lym- 
phocytes from these three strains was identified, centering on residue 109. 
The small difference between Glu 109 of sperm whale myoglobin and Asp 
109 of horse myoglobin appears to be critical for T-celi recognition (40). This 
specificity has been confirmed with monoclonal populations of myoglobin- 
specific T cells from BIO. D2 mice grown in long-term tissue culture (40a). 
So far, no laboratory has identified any antibodies that bind to this site. Thus, 
sites immunogenic for T- lymphocyte responses are not necessarily the same 
as those immunogenic for antibody production. At the very least, the frequency 
distribution is skewed quite differently for the two types of responses, and the 
number of sites seen by T cells may be far more limited than the number 
recognized by antibodies. 

A second, minor site around Lys 140 has been identified that is recognized 
by several clones of T cells from B10.D2 mice (I. J. Berkower, H. Kawamura, 
L. A, Matis, F. R. N. Gurd, J. A. Berzofsky, manuscript in preparation). This 
site does coincide with the site recognized by one monoclonal antibody (31). 
Interestingly, the MHC of antigen-presenting cells (such as macrophages or 
dendritic cells) determines which antigenic site is stimulatory for T cells. All 
T-cell clones studied that recognized myoglobin in association with the /-A- 
subregion-encoded la antigen of antigen-presenting cells were specific for the 
Giu 109 site, whereas all of those restricted to the /-f-encoded la molecule 
were specific for the Lys 140 site. Thus, the major histocompatibility antigens 
play a major role in this skewing or limitation of the T-cell repertoire. 

LYSOZYME c 

Chicken lysozyme c from hen egg-white (HEL) has long served as a prototype 
protein for investigating the specificity of immune recognition, HEL is a small 
globular protein (129 residues), unusually stable in solution, whose mode of 
enzymatic action has been extensively studied (41) (Figure 2). In addition, its 
three-dimensional crystalline structure has been determined to a high degree 
of precision (48). The presence of four disulfide bonds makes it likely that the 
structure of HEL in solution is close to that in the crystalline state. X-ray 
analysis of human lysozyme, which differs from HEL at 52 amino acid resi- 
dues, shows that the peptide backbone is highly conserved evolutionarily (49). 
Thus, it is reasonable to assume that the many sequenced bird lysozymes, 
which are more closely related to HEL, have very similar three-dimensional 
structures, as has already been demonstrated for turkey lysozyme (50), How- 
ever, local changes due to radical amino acid substitutions as well as subtle 
long-range effects are not excluded by present analyses. 
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Figure 2 A" Primary structure of chicken lysozyme (HEL) with eight peptides that have been 
2wntobeanSenicwhentestedagainstanti-HELlreviewedin(42)]:N-^ 
LH d^hS outfine; plb, stippled; a continuous region (amino acids 34 - 54) f"" P'J. b^^k 
pS^e 8 4";' bl^^^ the LOOP, black with white lettering; Loop IK st.ppled box; 

'l-'iJ.Sng m^^el of HEL. computer generated as described previously (35.43).^The L^p 
«„d N C Lotye are dark grey, with residues 1-3 black. Specific residues recognaed by mon- 
f TlS^es^ coloSr outlined in white; a hypothesized unit determinant for anybody 

< I Wh-Gill T B Lavoie. C. R. Mainhart, manuscript submittedj. Antibody Hyb.Cl 
!:tm F J?Xtory (44^ Al, 'other antibodies are from the Sercarz laboratory (45-47). 

Several important issues have been addressed by the study of anti-HEL 
antibodies. One set of questions focuses on the definition of antigenic structure 
of the native HEL molecule. Since such studies necessanly utilize the host 
immune response as an assay or measure of antigenicity, it has therefore been 
necessary to consider a second set of questions, focusing on the nature of the 
repertoire of antibodies in the responding host and on the regulatory mecha 
nisms that limit the total expressed repertoire to a skewed set of specificities 
that become dominant in the course of the immune response. 

That the antigenicity of HEL is dependent upon intact conformational struc- 
ture is supported by the observation of little or no cross-reactmty between 
native and denatured lysozymes (51). Purified peptides such as the N-C te - 
minal peptide (see Figui^ 2A) can react with both VO^y^'^^^J^^'^''^^^^^ 
Antibodies to HEL but with a far lower affinity than does HEL itself (42 and 

lences therein; 44,51-53). The majority of antibodies do not react wuh 
anv hondisulfide peptides. These studies support the cone uston that most 
antigenic determinants on HEL ^r^ assembled iopographtc deter mman^- ^ 
An antigenic region known as the "Loop," which includes resKlues 64- 80 

(see Figure 2A). has been studied extensively by the use of purified dts Ifide 

peptides. Whole goat, rabbit, and mouse antisera to native lysozymes (anti- 



lysozyme), as well as anti-lysozyme fractionated into antibodies reactive with 
only Loop (anti-Loop) or with all regions except the Loop, were tested against 
evolutionary variants of lysozyme as well as against Loop peptides. Several 
important conclusions concerning antigenicity of HEL have emerged from 
these studies (42 and references therein; 54): («) The Loop participates in the 
antigenic structure of lysozyme. and position 68 has a major role in its spec- 
ificity; ib) the ability of evolutionarily related lysozymes to compete with 
Loop for binding to anti-lysozyme or anti-Loop correlates highly with sequence 
changes in the Loop, while the ability to compete with native lysozymes does 
not; (c) not all residues contribute equally to antigenicity; (d) antigenicity of 
the Loop depends upon intact conformational structure which is maintained 
by a disulfide bond between residues 64 and 80; (e) the region-specific anti- 
Loop response in mice is under genetic control and does not necessarily cor- 
respond to the total anti-lysozyme response (55). 

The nature of individual determinants recognized by monoclonal antibodies 
has recently been studied (43,44,45,47). One such monoclonal, described in 
detail by Smith-Gill et al (43), is sensitive to substitution of Arg 68 by Lys 
and is insensitive to a variety of amino acid substitutions in other parts of the 
lysozyme molecule. The authors postulate that a determinant that includes Arg 
45, Arg 68, Thr 47, and Asp 48 is being recognized. This determinant 
is distinct from but overlaps the Loop, and is part of an anti-parallel P-sheet 
that was implicated previously as an antigenic region using polyclonal 
antibodies (53). 

The question of how much of the surface of HEL is antigenic has been 
controversial. Most of the HEL surface was implicated in its antigenicity by 
an extensive study of Wilson, Prager, and colleagues (e.g. 54,56-59), which 
showed that the cross-reactivity of rabbit antisera to lysozymes correlated with 
the number of amino acid sequence differences among 15 evolutionarily related 
bird lysozymes tested. Another study (60) reported that in large antibody 
excess, five molecules of rabbit anti-HEL bound to a single HEL molecule. 
Based on size considerations, a maximum of six immunoglobulin molecules 
could theoretically bind HEL simultaneously (61). These results suggest that 
all faces of the HEL surface contain at least one antigenic site. 

Atassi and his colleagues (62,63) used "surface-simulated peptides" to mimic 
surface determinants on the molecule. Three peptides were able to interact at 
low affinity with goat antibodies to native HEL and could absorb entirely the 
reactivity of these antisera. Thus, they suggested that "the precise and entire 
antigenic structure of native lysozyme" had been solved for all hosts. They 
proposed that only three antigenic sites (I— residues 5, 7, 13, 14, 125- 11— 
33,34, 113. 114, 116; III— 62,87,89, 93, 96. 97) exist in HEL and, further, 
that all these sites are "discontinuous"— i.e. assembled. Their postulate of 
three sites contrasts with the numerous studies discussed above suggesting that 



a much larger proportion of the surface may be involved in antigenicity. Nota- 
bly their sites do not include Arg 68. the Loop, and several segmental antjgenic 
regions previously demonstrated (Figure 2A). 

This view of limited antigenicity disagrees with that of a more encompassing 
"muUideterminant" structure (4,58,59,64) suggested by previous studies dis- 
cussed above. Recent reexaminations of the antigenic structure of HEL as 
defined by the total number of different specificities that can be detected m 
panels of monoclonal antibodies from several strains of inbred mice (43- 
45,47,47a) also suggest that the Atassi structure is incomplete. Four lines of 
evidence from these studies support the conclusion that the capacity for anti- 
body response to HEL is very broad, consisting of many different clonotypes 
that bind distinct, but often overlapping, determinants including in aggregate 
most, if not all, of the HEL surface, {a) Studies of reactivity with panels of 
evolutionary variants of lysozyme, chemically modified lysozyme, and pep- 
tides have allowed the identification of specific residues and regions as cnHcal 
to the binding of specific monoclonal antibodies. Antibodies specific for deter- 
minants containing the following residues have been identified: 1, 68, 121, 
125, 113-114, 19-21, and 102-103. Additionally, monoclonal antibodies 
have been identified that bind to the N-C region, LII, or Lilt (43,44,47,47a) 
(Figure 2B). {b) Most monoclonal antibodies to HEL have individually dis- 
tinct patterns of fine specificity (47 ,47a). For example, when each of 44 mon- 
oclonal antibodies from A-strain mice were tested for reactivity with a panel 
of 10 different lysozymes. they could be divided into at least 18 fine-specificity 
groups, and only 3 pairs of antibodies with very similar profiles were found, 
(c) Most monoclonal antibodies had distinct profiles of competitive binding 
to HEL. and the complementation groups derived from these profiles revealed 
complex patterns of overlap (45.47a). These results also suggest that many 
individual subsites or determinants are recognized by specific antibodies bind- 
ing within large regions that themselves overlap and include most of the HEL 
surface, (rf) Studies on the isoelectric focusing patterns, heavy-chain varia- 
ble-region gene rearrangements, and N-terminal amino acid sequences of the 
heavy and light chains of the antibodies themselves indicate that the antibodies 
express a great divereity of heavy- and light-chain variable-region genes (45,47a); 
such structural diversity is consistent with a broad pattern of determinant 
recognition. 

Though the repertoire of immune responses to HEL, as represented by 
monoclonal antibodies, is very diverse, the actual repertoire expressed in the 
serum represents a skewed distribution of the total potential repertoire, such 
that some specificities are rare and others predominate. For example, one A- 
strain mouse monoclonal antibody (IGl 1) competed for binding to HEL with 
all other A-strain monoclonal antibodies tested, as well as with polyclonal 
antisera. The other monoclonal antibodies each competed with some, but not 



all, of the remaining antibodies, indicating that although many unique deter- 
minants are recognized, they are confined to a single face of HEL (45). How- 
ever, that the apparently predominant specificities may differ among strains is 
indicated by complementation studies using a BALB/c hybridoma, HyHEL- 
5; while HyHEL-5 overlaps with most of the A-strain monoclonals tested, 
including IGll (45), it shows little overlap with most of the other BALB/c 
hybridomas (47a). 

Further, the specificity repertoire distribution of the monoclonal antibodies 
differs from that found in individual antisera during both primary and sec- 
ondary antibody responses (47). Thus, the "hybridoma" repertoire taken as a 
whole, although itself selected, may reveal a broader spectrum of the available 
repertoire than do serum antibodies from a given individual or inbred strain 
at the height of the in vivo response. For example, recent studies employing 
H-l" mice indicated that at least 75% of secondary response antibodies to 
HEL could be adsorbed on immobilized N-C peptide (52). Most such anti- 
bodies (90-95%) reacted equally well with HEL and vnth lysozyme lacking 
its three amino-terminal residues (AP-HEL) (46). In contrast, half the early 
primary response antibody does not recognize AP-HEL (46), These results 
suggest an ordered progression in recognition of different determinants on 
HEL, probably determined by regulatory mechanisms. 

Several interesting observations have been made in studies of the role of T 
cells in the immune response to HEL. (a) While most antibodies to HE! do 
not react with nondisulfide peptides, segmental peptides suffice to trigger T- 
cell proliferative activity in all cases explored (52,61). (b) Mice of each MHC 
haplotype recognize a characteristic determinant or a small set of determinants 
on lysozyme. For example, helper cells seem to select a single site 
within the tryptic peptide containing amino acids 74-96, T cells strongly 
prefer a site including amino acids 1 13 and 1 14, while //-2* T cells recognize 
three sites but in a clearly hierarchical way (65). (c) The restriction of the T- 
helper cell repertoire can influence the population of B cells selected for 
expression in the antibody response (61 ,65). (d) Not only the antigen-specific 
but also the idiotype-recognizing T cells influence the specificity of the emerg- 
ing B-cell population (66). (e) In addition to being highly restricted, the rep- 
ertoires of suppressor and helper T cells inducible by peptide fragments seem 
to be nonoverlapping in the case of lysozyme (52,67). Suppressor T-cell- 
inducing reactivity in mice is circumscribed to a single area on the HEL 
molecule, at the amino terminus (46,67). 

In summary, studies designed to examine total antibody repertoire, such 
that rare as well as predominant specificities are detected (as in cases of large 
antibody excess or with large numbers of monoclonal antibodies), are consis- 
tent with the hypothesis that most, if not all, of the HEL surface is potentially 
antigenic, consisting of multiple, overlapping determinants that may be rec- 



ognized in some hosts. In contrast, studies designed to sample the predomi- 
nantly expressed specificities in individual hosts (or inbred strains) have led 
to the conclusion that the immune response for any given individual is skewed 
such that antibodies recognizing a limited number of antigenic regions on the 
surface of HEL will predominate. The latter result depends upon the species 
and genetic make-up of the host, and reflects the interplay of regulatory circuits 
operating in that individual's immune system. 

CYTOCHROME c 

Cytochrome c is a small heme protein consisting of a single polypeptide chain 
of 103 to 111 residues, long found to be a poor immunogen (14,15). It was 
only when glutaraldehyde-polymerized forms were employed that consistent 
and relatively strong antibody responses were obtained, making it possible to 
utilize the proteins of many different species to study in detail the specificities 
of both antibodies and T cells raised against any one of them. 

Mitochondrial cytochomes c present a particularly attractive model system 
for the immunological study of globular proteins (14,15). The protein is easy 
to prepare, it is present in all eukaryotes, over 100 of them have had their 
amino acid sequences determined (68-70), and X-ray crystallographic studies 
have shown that all maintain the same polypeptide backbone spatial structure, 
the so-called cytochrome c fold (68,71). Differences in amino acid sequence 
among mitochondrial cytochromes c are, in effect, reflected only in local 
differences in surface topography resulting from the variation in side chains. 
This argument is particularly strong for cytochromes c that differ by less than 
10% in amino acid sequence, with the variant residues having side chains at 
the surface of the protein, an ideal situation for the study of topographic 
antigenic determinants. 

The first isolation in pure form of an antibody population directed toward 
a single site on cytochrome c was performed with rabbit antisera directed 
against human cytochrome c (72). Rhesus monkey cytochrome c differs from 
the human protein only at threonine 58, an external residue on the "back" 
surface of the molecule. Adsorption of anti-human antisera with the monkey 
protein left a population of antibodies that bound only to those cytochromes 
c with an isoleucine 58, such as the human or kangaroo proteins. Less con- 
clusive, indh-ect evidence indicated that there may be three other antigenic 
determinants on human cytochrome c with respect to the rabbit host (14,15,73), 
in conformity with the stoichiometry of four specific Fab' fragments binding 
simultaneously to the human protein, as determined by fluorescence quenching 
titrations (74). 

Urbanski & Margoliash (16), using sequential adsorption of antisera on 
insolubilized cytochromes c, isolated three single-site antibody populations 
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from rabbit antisera raised against either mouse or guanaco cytochromes c, as 
well as from ascitic fluid of mice immunized against guanaco or rabbit cyto- 
chromes c. The three variable positions to consider were 44, 62, and 89, at 
which the rabbit protein carries valine, aspartic acid, and aspartic acid; the 
mouse protein, alanine, aspartic acid, and glycine; and the guanaco protein, 
valine, glutamic acid, and glycine. Thus, in every case the immunogen differs 
from the host cytochrome c at only two residues, and in every case, antibodies 
specific for both of the corresponding regions were isolated. Remarkably, a 
third antibody population that bound to the area of aspartic acid 62, a residue 
shared by the immunogen and the host proteins, was present in both the rabbit 
antiserum to mouse cytochrome c and the mouse antiserum (ascitic fluid) to 
the rabbit protein. Farr assays showed that the guanaco protein, with a glutamic 
acid at 62, interacted more strongly with these antibodies than did the mouse 
and rabbit proteins, which carry aspartic acid at that position. This observation 
served to locate the binding domain of the third antibody population. The 
mechanism for the production of anti-self antibodies in this case, and the role 
that regulatory influences may play in their elicitation, are unknown. However, 
a simple speculation (16) was that the clones responsible for the antibodies 
were the products of B cells directed against the glutamic acid 62 -containing 
surface and had not been eliminated during ontogeny because of their weak 
reactivity with the self-protein, with an aspartic acid 62, yet could be activated 
by the large doses of the cross-reacting cytochrome c used as immunogen. 

Jemmerson & Margoliash (13) fractionated completely the rabbit antibody 
response to horse cytochrome c, isolated seven subpopuiations of antibodies 
directed against three sites on the molecule, and showed that these comprised 
the totality of the horse cytochrome c-specific antibodies (Figure 3). Four of 
the populations bound a complex determinant affected by the sequence vari- 
ations at residues 89 and 92, two populations bound the region of residue 44, 
and one that of residue 60. Competitive binding assays with a series of cyto- 
chromes c of varying similarity to the horse protein revealed that residues in 
the vicinity of the immunodominant side chains were also involved in antibody 
binding. These results correlate well with studies of rabbit anti-horse cyto- 
chrome c antisera by Herman & Harbury (76) and by Eng & Reichlin (77). 
The latter authors employed affinity adsorption techniques and observed the 
same three immunogenic areas on the protein. 

The rabbit antibody response to pigeon cytochrome c was analyzed by 
Hannum & Margoliash, employing competitive plate-binding assays (C. H. 
Hannum, E. Margoliash, unpublished). Antibodies were found to be directed 
against four sites on the pigeon molecule, representing all seven of the sequence 
variations with rabbit cytochrome c, confirming fluorescence quenching stoi- 
chiometry calculations. 

The first observation of a T-cell response to a cytochrome c was reported 
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by Reichlin & Turk (78), who induced delayed hypersensitivity in guinea pigs. 
The responses displayed the typical pattern of cross*reactivities to a variety of 
cytochromes c similar to that observed with rabbit antibodies. Fragments of 
the immunogen were ineffective. Contrary to the antibody response, however, 
guinea pigs immunized with a cytochrome c polymer displayed stronger hyper- 
sensitivity to polymers than to monomers, while the opposite was observed 
for animals primed with a monomer. Thus, T cells, unlike B-cell products 
(79,80), apparently differentiate between the single antigenic determinants of 
the monomeric protein and the clustered determinants of a polymer. Subse- 
quent work by Wolff & Reichlin (81) suggested that the specificity of the 
guinea pig T cells was at least as sensitive to the amino acid substitutions on 
cross-reacting antigens as were rabbit antibodies. Similarly, Corradin & Chiller 
(82) found that mouse T cells primed with either beef or horse cytochrome c 
proliferated in response to either the native or fragmented forms of the immu- 
nogen, and that single residue substitutions could be recognized. One such 
site occurred at residue 89. 

A comprehensive examination of both B- and T-cell responses to the same 
cytochrome c was carried out with BIO. A mice immunized with the mono- 
meric pigeon protein. Using a proliferative T-ceil assay, Solinger et al (83) 
mapped the genes governing responsiveness to monomeric pigeon cytochrome 
c to both the I-A and I-E subregions of the mouse major histocompatibility 
complex. Subsequent experiments with monoclonal antibodies have shown 
that such a response indeed requires the la molecule I-A^^il-E^ or the hybrid 
la molecule I-Al^:I-Ea (84,85). Cross-reactivity experiments with a large 
variety of cytochromes c and their cyanogen bromide fragments showed that 
Che region of the molecule responsible for T-cell activation contains the glu- 
tamine at position 100 and the carboxyl-terminal lysine at position 104, with 
the possible added involvement of isoleucine 3 (86). An analysis of the B-cell 
response of the same mice to pigeon cytochrome c showed that the majority 
of the antibodies bound to the region of residues 3, 100, 103, and 104, a 
complex determinant that, although not identical to the major T-cell deter- 
minant, completely overiaps with it (C. H. Hannum, L. A, Matis, R. H, 
Schwartz, E. Margoliash, unpublished). These residues are all located within 
a few angstroms of one another and form an assembled topographic deter- 
minant containing segments of the carboxyl-terminal and amino-terminal a- 
helixes (Figure 3). It was also cleariy demonstrated that all the antibodies are 
directed against those regions of the molecule where pigeon cytochrome c 
differs from the mouse protein. A comparison of the concentrations of pigeon 
and mouse cytochromes c that produce 50% inhibition of binding allows the 
calculation of the contribution of the variant side chains to the binding energy 
of the antibody-antigen interaction, amounting to about -3 kcal/mole (87). 
If the average affinity constant, K^, for pigeon cytochrome c is about 10^ M ~ ' , 



then the -3 kcal/mole would constitute some 30% of the total energy of 
interaction. The remaining energy is apparently provided by the interaction 
with the surface of the protein surrounding the immunodominant residues, 
areas identical on both immunogen and host proteins. This is probably the 
basis for the extensive cross-reactivities always observed when antibodies 
raised against a particular cytochrome c are tested with heterologous cyto- 
chromes c, including the host protein. 

It should be noted that whereas antibodies raised in rabbits and mice to 
native horse or pigeon cytochromes c showed much lower affinities for peptide 
fragments of the immunogens (13,87). T cells from mice primed with horse, 
beef or pigeon cytochrome c responded as well, and sometimes better, to the 
fragmented forms in proliferation assays (82,83,86). This is in contrast to the 
failure of guinea pigs to display delayed hypersensitivity following challenge 
with fragments of the horse protein (78). The differences between B- and T- 
cell reactivities with immunogen fragments could reflect a smaller T-cell recep- 
tor interaction domain, which makes it possible for peptide segments to react 
as well as they do in the native immunogen. 

The one result that varies from all others was reported by Atassi (88), who 
found that antibodies raised in two rabbits against beef cytochrome c all bound 
to an insolubiiized synthetic peptide comprising residues 42-50 of beef cyto- 
chrome c, a segment spanning one of the four variant residues between the 
beef and rabbit proteins, namely proline 44. Two other insolubiiized synthetic 
peptides covering the other three variant residues did not bmd any of the 
antibodies. It is not obvious why antibodies directed against the other potential 
determinants on beef cytochrome c were either not generated or not detected 
in these experiments, when, as discussed above, in every other case exammed, 
rabbits produced antibodies to every one of the areas of the protein containing 
residues that differed from those in rabbit cytochrome c. 

That otochromes c identical to that of the homologous host protein are also 
capable of eliciting an antibody response became evident when rabbits injected 
with acetylated -y-globulin-conjugated (89) or glutaraldehyde-polymenzed rabbit 
cytochrome c (90) yielded rabbit cytochrome c-specific antibodies in amounts 
averaging about 10% of the response to heterologous cytochromes c. Frac- 
tionation by affinity adsorption, and analysis for specificity by competitive 
binding assays (90), showed that these antibodies are not directed against all 
or many sites on the self immunogen, but rather against three areas that contain 
the segments of the protein that have varied most recently in the course of the 
evolutionary descent of mammalian cytochromes c. Jemmerson & Margoliash 
have speculated (90) that such remarkable antibody specificities represent a 
breakdown of self-tolerance resulting from the stimulation of cross-reactive 
clones, the repertoire for which has not yet been eliminated by the evolutionary 
selective process that may govern the retention of such autoimmune poten- 
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tialities. Whether this or some other process is involved in these phenomena 
has not yet been examined.. 

In summary, cytochrome c can elicit antibodies in rabbits and appropriate 
strains of mice that react to every one of the areas in which the immunizing 
cytochrome c has one or more side-chain differences from the cytochrome c 
of the host. Furthermore, antigenic determinants responsible for T-cell pro- 
liferation appear to have the same general specificities. However, in some 
cases antibodies have also been obtained, albeit with great difficulty, to areas 
of the immunizing protein identical to those of the host protein. The mecha- 
nisms underlying such self-immunity phenomena have not been examined. 



SERUM ALBUMIN 

Serum albumin (Figure 4) is a single polypeptide chain of approximately 582 
amino acids. Its three structural and functional domains are phylogenetically 
related (91) and are independent folding units (93). Although homology in 
general structure exists among domains, the amino acid sequence and function 
of each domain have diverged (91). For example, there is at most 25% sequence 
identity between any two domains and no more than 10% among all three. 
Most of this identity among all three domains (about 79 conserved residues) 
centers around the disulfide bonds, which are highly conserved throughout 
evolution (91). Indeed, jf residues shared among the domains of bovine serum 
albumin (BSA) are shared between it and human serum albumin (HSA). Serum 
albumin has long been a standard tool for the immunologist. the immunochem- 
ist. the protein biochemist, and the evolutionary biologist, who uses albumin 
antisera to estimate the genetic relatedness and times of divergence of species. 
Yet until recently, little has been known about its chemical and physical struc- 
ture, not to mention its detailed antigenic structure or the control of immune 
responses to this protein. 

There seems little doubt that serum albumin is a multidetermmant antigen 
for which each determinant is unique, i.e. each occurs only once in the albumin 
molecule. This concept of multiple, distinct, antigenic determinants on serum 
albumin is supported by a vast literature spanning three decades beginning 
with the pioneer work on human serum albumin by Lapresle (94). In these 
early studies, Upresle demonstrated that various enzymes would degrade 
HSA into several antigenically distinct fragments. Porter and his group (95,96) 
have shown that fragments from BSA and HSA bear only a portion of the total 
antigenic determinants present on the intact molecule. Using a variety of 
techniques Weigle (97) and others (98-100) have shown many distinct anti- 
genic determinants on BSA. Other studies on antibody synthesis by single 
cells (101), on acquired immunological tolerance to albumin (102), and on 
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Figure 4 Diagrammatic representation of the structure of bovine serum albumin as adapted from 
Brown (91). Antigenic regions and antigenically active fragments are as described by Benjamin 
& Teale (92) and references therein. 



control of immune responses to BSA by restricted populations of T cells (103), 
support this multi-distinct-determinant nature of albumin. 

A more recent series of studies on BSA (92,104 and references 
therein; 105,106) and HSA (1Q7) has yielded essentially identical results. Using 
polyclonal aiitisera to intact albumin and antigenically active fragments of 
albumin, each laboratory has demonstrated albumin to be composed of several 
antigenic regions (see Figure 4), each of which has one or more distinct 
determinants- Some evidence of cross-reactivity among domains, involving a 
small proportion of the antibodies, has occasionally been found (105,107). 
Similar results have been pbtpined v^ith T-cell responses to BSA and fragments 
representing the domains and subdomains of the molecule (108). Thus, the 



£2 



determinants on serum albumin are multiple and distinct at both the 
B-cell and the T-cell level. 

Also recently, a series of studies was initiated using monoclonal antibodies 
and T-cell clones (104,109; L. D. Wilson, R. L. Riley. D. C. Benjamin, 
manuscript submitted; D. C. Benjamin, K. DeCourcy, manuscript submitted). 
Two hundred hybridoma cell lines producing antibody to BSA were estab- 
lished, and 64 randomly chosen clones have been fully characterized. In no 
instance did a monoclonal antibody react with more than one domain or sub- 
domain. The 64 monoclonal antibodies could be placed into 25 groups based 
on their cross-reactivity with a panel of 10 mammalian albumins, suggesting 
a minimum of 25 different determinants. If, in addition to cross-reactivity 
patterns, the domain or subdomain specificity of each monoclonal antibody 
was considered, then a minimum of 33 determinants could be demonstrated. 
In other words, two or more monoclonal antibodies may have the same cross- 
reactivity pattern but be specific for distinct regions of the BSA molecule and 
thus define two, or more, distinct determinants rather than one as defined by 
cross-reactivity alone. Thirteen of the 64 monoclonal antibodies define 13 
nonoverlapping antigenic determinants as determined by competitive inhibi- 
tion assays. The remaining 51 monoclonal antibodies competitively inhibit the 
binding of one or more of these 13 monoclonals in a manner consistent with 
the existence of multiple overlapping antigenic determinants. These studies 
have been partially confirmed in at least one other laboratory (110). In addi- 
tion, long-term T-cell lines specific for BSA are exquisitely specific for a single 
subdomain (109; L. D. Wilson, R. L. Riley, D. C. Benjamin, manuscript 
submitted). One might argue that during production of monoclonal antibodies 
or T-cell clones those specific for minor determinants were preferentially iso- 
lated. However, the fact that not a single monoclonal reagent has been found 
that cross-reacts among domains makes that possibility highly unlikely. 

These results contrast with those described by Atassi and his colleagues 
(111,112), who have suggested that serum albumin contains only two deter- 
minants, that these two determinants are present on the carboxy-terminal 
double-disulfide loop of a domain, and that they are shared among domains, 
i.e. two determinants repeated three times on the entire molecule. However, 
these conclusions are inconsistent with other reports from their laboratory 
showing that: (a) sera taken early after immunization do detect multiple deter- 
minant (113); (b) although the reaction of late antisera (day 398 after immu- 
nization) with BSA is inhibited almost entirely (80-100%) by fragments rep- 
resenting single domains, using immunoadsorbent techniques a maximum of 
50% of the anti-BSA was reactive with any one fragment (112); and (c) in 
cross-reactivity studies (100) these same late antisera showed varying degrees 
of cross-reactivity with a series of heterologous albumins, demonstrating mul- 
tiple (not two) distinct determinants on BSA. 
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Further doubt is cast on the suggestion of only two determinants by the fact 
that BSA probably differs from the albumin of the responding rabbit by many 
residues. Rabbit and cow diverged about 80 million years ago, which is about 
the time cow, human, and rat diverged from one another (114). Assuming a 
constant rate of albumin evolution (114), the rabbit-cow difference can be 
estimated from the known cow, human, and rat sequences (1 15,116), whose 
average pairwise difference is 160 amino acid residues. Given the assumption 
discussed above for cytochrome c that the responding animal will produce 
antibodies to all areas of the antigen different from its own protein, the cal- 
culation of White et al (59) that essentially all differences between the antigen 
and a similar protein from another animal are immunologically detectable (see 
the discussion section, below), and the fact that similarities among all three 
albumin domains are to a great extent conserved throughout evolution, we 
would predict many more than two determinants. 

Certain other papers have been cited as supporting the repeating determinant 
hypothesis (111,112). For example, Peters et al (105) have suggested six 
distinct antigenic regions defined by distinct determinants. They have also 
shown that a portion of their antibody cross-reacts with fragments representing 
different domains. For instance, antibody reactive with fragment P307- 582 
(a peptic fragment containing amino acid residues 307-582) was partially 
inhibited in its reaction with BSA by fragments CNBrl-183 and Pl-306, 
suggesting that die amino-terminal and carboxy-terminal portions of BSA 
share determinants. In direct contradiction to this result, they found that frag- 
ment PI- 385 does not inhibit the same reaction although it would be expected 
to bear all the determinants present on the previous two inhibitory fragments. 
In addition, their studies show that antibody to native BSA reactive with 
Pl-306 is not significantly inhibited by fragments from the carboxy-terminal 
half of BSA. 

Thus, the evidence from many laboratories, published over three decades, 
supports the hypothesis that serum albumin contains multiple, distinct, some- 
times overlapping antigenic determinants that do not repeat from domain to 
domain. 

Serum albumin has been used more extensively than any other protein for 
immunological estimation of the extent of genetic divergence among species 
(e.g. 1 14,1 17). Albumins from thousands of pairs of vertebrate species have 
been compared immunologically (chiefly by quantitative micro-complement 
fixation— cf 1 14, 118), and the results have been used to establish approximate 
time scales for the genealogical trees by which these species are related, 
thereby permitting a more quantitative approach to the study of evolution than 
was possible before. The evidence now presented for the existence of multiple 
determinants on albumin provides additional, strong justification for the use 
of albumin antisera for quantitative evolutionary studies. 
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DISCUSSION— A MULTIDETERMINANT- 
REGULATORY MODEL 

Currently there are opposing views of what constitutes a determinant on a 
protein antigen. One proposal is that proteins contain a very limited number 
of sites that are intrinsically immunogenic, irrespective of the host responding 
to the antigen (21,24,25,62,63,88,1 11-113). A contrasting view is that most 
of the accessible surface of any globular protein is potentially immunogenic, 
that one can define which sites are immunogenic only with respect to a par- 
ticular responding individual, and that the total antigenic structure of a protein 
is the sum of all sites recognized by a large variety of responding individuals 
and species. The evidence summarized above strongly supports the second 
view and requires that we extend what has been called the "multideterminant 
hypothesis" (4,58,59,64) to encompass the following concepts: (a) The sur- 
face of a protein is essentially a continuum of potential antigenic sites; and 
(b) the structural differences between the antigen and self-protein as well as 
the host's immunological regulatory mechanisms are the important factors 
influencing the outcome of the immune response. We term this extended 
hypothesis the "multideterminant-regulatory model." 

Antigenic determinants are defined by the specificities of the antibodies to 
that antigen. Because the complexity of the antibody response varies with the 
degree of antigen foreignness (16), as well as type of antibody studied (i.e. 
polyclonal versus monoclonal), varying views of the definition of an antigenic 
determinant have arisen. Determinants have historically been considered to 
be discrete, nonoverlapping portions of the surface structure, and to consist 
of a definable, finite number for a given protein in a given host (119). For 
highly conserved proteins such as cytochrome c, polyclonal antisera can be 
fractionated into distinct, nonoverlapping specificities that correspond to sites 
of sequence variation. On the other hand, experiments designed to examine 
the full repertoire of monoclonal antibody specificities to protein antigens have 
yielded complex patterns of overlap, and these support the hypothesis that the 
surface of a protein molecule is a complex array of overlapping antigenic 
determinants. From the present data, one cannot exclude any surface elements 
from the antigenic structure of a globular protein! Therefore, any antigenic 
determinant can only be operationally defined as that region of the protein 
surface bound by a particular antibody molecule, and this may be termed the 
unit antigenic determinant. 

The multideterminant-regulatory model predicts that nearly all evolutionary 
substitutions would directly affect immunological cross-reactivity. T^ble 1 
summarizes experiments in which rabbits were immunized with a particular 
protein from one organism and the polyclonal antisera then tested for immu- 
nological cross-reactivity with evolutionary variants of that protein. A measure 
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of immunological distance derived from the observed degree of cross-reactiv- 
ity (56,64,114,1 18,120) shows a statistically highly significant linear corre- 
lation with the number of amino acid differences between each pair of proteins 
tested (Table 1). From the square of the coefficient one estimates that about 
80% of the variation in the immunological cross-reactivity is ascribable to 
variation in the number of amino acid differences. A similar correlation exists 
for other, less extensively studied proteins (59,1 14). More convincing statis- 
tical data stem from experiments with small proteins differing by only one to 
five amino acid substitutions per 100 residues, which can routinely be distin- 
guished with the quantitative micro-complement fixation technique (118) and 
polyclonal antisera. Table 2, which shows the results of an analysis of 14 
independent pairs of closely related proteins, indicates that if the fraction of 
potentially antigenic residues were small, e.g. if F were 0.15, there would be 
little chance (P <0.0005%) that every pair of these proteins would be anti- 
genically nonidentical. By contrast, if F were 0.80, the chance of every pair 
being nonidentical would be high (P = 48%). The observation that every pair 
tested is nonidentical is thus consistent with F being in the vicinity of 0.80. 
Most amino acid substitutions are, therefore, immunologically detectable. 
Direct evidence for this conclusion comes from experiments with highly con- 
served small proteins such as cytochrome c (discussed in detail above); in a 
host whose own cytochrome c differed by only one or a few residues from the 
immunogen, every amino acid substitution could elicit antibodies. 

Table i Dependence of immunological distance on the number of differences in amino acid 
sequence for 290 pairs of proteins 

Protein . ^ 

(and reference) Number of Pairs Tested Correlation Coefficienf 



Lysozyme c (58)'' 
Ribonuclease (64) 
Myoglobin'^ 
Cytochrome c (56) 
Arurin(120) 
Serum Albumin** 



106 0.95 

60 0.92 

78 0.87 

23 0.87 

13 0.85 

10 0.96 



•Correlation coefficients were calculated from least-squares lines relating the number of positions tn the 
amino acid sequence as which these proteins differ to the degree of immunological difference measured 
with polyclonal antibcdies produced in rabbits. The quantitative microcomplcment fixation technique (US) 
was used in alt cases except for cvtochromc c, done by macrocomplcment fixation, and serum albumin, 
where the quaniitative precipitin method as well as micro-complement fixation was employed. 

"E M Prager, A. C. Wilson, unpublished work on additional bird, reptile, and mammal lysozymes. 

'E. M. Prager! A. C, Wilson, unpublished work on 13 whale, dolphin, and porpoise myoglobins and 

antisera to 12 of them. , - , 

"E M Prager A C. Wilson. V. M. Sarich, unpublished calculations. The immunological compansons 
arc from references 97 and 121 and V. M. Sarich. unpublished measurements. The complete sequences of 
cow human, and rat albumins were considered along with partial sequences (164 to 469 ammo acids) of 
sheep, pig. horse, baboon, and mou.se albumins. We thank J. R. Brown. T Peters. Jr., and A. Dugaiczyk 
for personal communications and summaries concerning published and unpublished sequences. 



Table 2 Immunological detectability of amino acid substitutions in small monomeric globular 
proteins of known three-dimensional structure" 



Protein 


Number of 




Detectability of Substitutions 




Independent 
Pairs 
Tested 


F = 0.15 


Expected 

F = 0.80 


Observed 


Lysozyme c 


4 


2.1 


77 


100 


Ribonuclease 


4 


3.2 


79 


100 


Myoglobin 


5 


1.4 


79 


100 


Azurin 


1 


48.0 


100 


100 


All Proteins 


14 


0.00045 


48 


100 



•Following the method of White ct al (59), the expected values in the table indicate the probability in 
percent that pairs of closely related proteins (differing by 0,7-8.5% in sequence) will be immunologically 
distinguishable if R the fraction of antigenic residues in the molecule, is 0.15 or 0.80. For each protein 
the product of the probabilities for the indicated number of independent pairs is given. The experimentally 
observed values, likewise given in percent, arc the number of distinguishable pairs found relative to the 
number examined. The data and calculations arc from references 58, 59, 64, and 120 and from footnotes 
b and c to Table I; all data were obtained with the micro-complement fixation technique (118). 

Some evolutionary substitutions may influence antigenicity through long- 
range effects, either conformational or electrostatic (122, 123). as observed in 
allostcric proteins such as hemoglobin. Even for hemoglobin, however, less 
than 5% of such substitutions appear to cause long-range effects (124). For 
monomeric globular proteins, most evolutionary substitutions probably have 
only local effects on structure and function (31,33,43,124a,124b), Indeed, 
for several proteins discussed above, substitutions that markedly affect the 
binding of a monoclonal antibody to one site do not affect the binding of a 
second monoclonal antibody to an adjacent site (31,33,43; S. J. Smith-Gill, 
C. R. Mainhart, T. B. Lavoie, manuscript submitted) and vice versa. The 
long-range hypothesis would have predicted both sets of substitutions to per- 
turb the binding of both antibodies^ and this does not appear to occur. 

The use of monoclonal antibodies has allowed the delineation of antigenic 
structure at a level of precision not previously possible. One can now study 
the specificity of each monoclonal antibody individually and thus avoid the 
ambiguity present in whole antisera or even antisera fractionated into popu- 
lations directed to single antigenic sites. While the specificity of polyclonal 
antibodies for cross-reacting proteins is generally related to the number of 
amino acid differences or "evolutionary distance" between the two proteins 
(56-59,64,114,118,120; Table 1), the specificity of a monoclonal antibody 
is not, because a monoclonal antibody recognizes only a single site and not 
an average of a number of determinants summed. The sensitivity with which 
single amino acid substitutions can be detected is much greater with mono- 
clonal antibodies than with antisera in which a host of other antibodies not 
affected by the substitution may swamp out any effects on overall binding. 



This sensitivity has allowed the delineation of boundaries of determinants (43), 
i.e. an amino acid substitution that affects the binding of antibody A but not 
B is not within the unit determinant recognized by antibody B (31,33,43). 
However, the precision of these boundaries is limited and dependent upon the 
availability of related proteins with amino acid sequence changes at each 
relevant border of the site. Such an analysis can be done only with difficulty 
using heterogeneous antisera that have been fractionated into more homoge- 
neous populations. 

Similarly, studies of competition between pairs of monoclonal antibodies 
for binding simultaneously to the same monomeric protein antigen often allow 
the grouping of antibodies into groups such that members of each group com- 
pete with one another but not with members of another group (45,125,126). 
This approach has allowed definition of boundaries of nonoverlapping unit 
determinants for myoglobin (125), lysozyme (45; S. J. Smith-Gill, C. R. 
Mainhart, T. B. Lavoie, manuscript submitted), and serum albumin (104,109; 
D. C. Benjamin, K. DeCourcy, manuscript submitted). However, these com- 
petition experiments have also frequently suggested complex patterns of over- 
lap. For instance, numerous cases of three antibodies, e.g. called A, B, and 
C. interacting in a pattern such that A competes with B, B competes with C, 
but A does not compete with C, have been found with HEL (45; S.J. Smith- 
Gill, C.R. Mainhart, T. B. Lavoie, manuscript submitted), and BSA (109; D. 
C. Benjamin, K. DeCourcy, manuscript submitted). Such complex patterns 
have allowed the conclusion, on the one hand, that most of the antibodies in 
the secondary response to HEL by A-strain mice recognize unit antigenic 
determinants on a single face of the HEL surface, each antibody with its 
distinct pattern of fine specificity (45), and on the other hand, that most, if 
not all, of the BSA surface is recognized by mouse monoclonal antibodies 
(104,109; D. C. Benjamin, K. DeCourcy, manuscript submitted). Observation 
of these complex patterns of overlap is consistent with the existence of over- 
lapping determinants and with the multideterminant-regulatory hypothesis. In 
three of the four protein system discussed in this review, monoclonal antibodies 
were found that react with overlapping determinants that in aggregate cover 
large portions, if not all, of the protein surface. In the case of the pigeon 
cytochrome c, a significant portion of the binding energy is due to invariant 
residues adjacent to the variant residue used to localize the site (87). Because 
a single amino acid residue may be contained in several overlapping unit 
determinants, the number of discrete determinants is probably greater than the 
number of surface residues. As a result, a number of overlapping determinants 
probably have not yet been distinguished from each other. These observations 
exclude any hypothesis that restricts the number of determinants to a few 
discrete sites on the surface of a protein antigen (21,62,63,88,11 1-1 13). 
Important examples illustrating many of the above points are the immune 



responses to two surface glycoproteins of the influenza virus (126-129). The 
antigenic determinants of the neuraminidase molecule are overlapping and 
cluster on the distal surface of the molecule, forming a **nearly continuous 
surface across the top" (127). The antigenic determinants of the hemagglutinin 
protein similarly cluster on the distal end (126J28,129). in one study (128), 
104 distinct fine specificities could be distinguished among antibodies that 
recognized four antigenic regions delineated by Wiley et al (126) at which 
antibody binding could select for viral mutations. It was estimated that the 
total repertoire included a minimum of 15(X) fine specificities (128). In another 
study (129), 125 monoclonal antibodies raised to the hemagglutinin of influ- 
enza virus H3N2 cross-reacted with 15 other strains in a way that permitted 
mapping of 10 overlapping regions covering the entire accessible surface. 

Thus, a nearly limitless specificity spectrum of antibody reactivity can 
potentially be elicited. However, the entire spectrum is rarely, if ever, seen in 
any individual. The pertinent question is what determines which of the many 
specifically reactive clones are expressed. Elimination or anergy of self-reac- 
tive clones would severely reduce this spectrum, especially in those instances 
where the immunogen is derived from a source closely related to the respond- 
ing species. In the case of cytochrome c, a slowly evolving protein, the limited 
sequence differences between each cytochrome c and that of the responding 
host (2-10%) restricts the number of determinants detectable in any host. 
However, the fact that most substitutions that occur are immunologically 
detectable in some host supports the hypothesis that virtually ail the surface 
is immunogenic. The relative simplicity of the response to closely related 
heterologous cytochromes c allowed the separation of antibody populations 
directed to simple or complex topographic determinants and even of several 
subpopulations reacting with subsites of a single complex determinant (13,16). 
These not only gave definitive evidence that the sequence variations between 
antigen and the homologous host protein were responsible for immunogenicity, 
but also provided the first demonstration of an overlapping distribution of 
determinants. 

When the immune response appears to be directed predominantly toward 
particular antigenic regions, this may reflect limitation of the specificity rep- 
ertoire by the regulatory mechanisms operative in that individual at the time 
of immunization. For instance, MHC-linked genes have been found to control 
the fine specificity of antibody and/or T-cell responses in mice and guinea pigs 
to a variety of protein antigens, including myoglobin (130,131), serum albu- 
min (104,108,109,132; L. D. Wilson, R. L. Riley, D. C. Benjamin, manu- 
script submitted), lysozyme (133-135), cytochrome c (82,83), insulin (136- 
138), and staphylococcal nuclease (139,140). Furthermore, the predominant 
determinants recognized by T cells may be different from and frequently fewer 
than those predominant determinants recognized by antibodies in the same 
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individual (40,40a.52,134). The antigenic sites utilized by antigen-specific 
helper T cells in a particular individual can influence the specificit}' of the 
subsequent antibody response to that antigen (52,61 ,67, 141). Last, the expressed 
repertoire of an individual may be regulated by idiotypic networks (66,142). 

Studies with polyclonal antibodies have suggested that protein conformation 
is critical to the integrity of antigenic determinants (4,5,8,27-29,51), A col- 
orful example of the conformational specificity of polyclonal antisera is that 
of antibodies that distinguish the conformation of apomyoglobin from that of 
holomyoglobin (1 19). When brown holomyoglobin was reacted with antibod- 
ies to apomyoglobin, the precipitate was white. Thus, the antibody shifted the 
equilibrium toward a form in which the heme was excluded. 

The analysis of individual determinants recognized by monoclonal antibod- 
ies has shown that a given antigenic site may include amino acids quite distant 
in the primary sequence that are brought close together on the surface during 
folding of the polypeptide chain (31,33,36,43,62). This is to be expected 
because an antibody sees a continuous surface, as in the space-filling models 
shown in Figures IB and 2B. 

The lower affinity usually observed for binding of peptide fragments of an 
antigen to an antibody raised against the native antigen (27,29) may be due 
either to the absence in the peptide of a portion of the determinant, to con- 
formational differences between the peptide and the native molecule, or to the 
absence in the peptide of long-range effects (e.g. electrostatic) that may exist 
in the native protein (122,123). Thus, if a peptide that contains only a portion 
of the antigenic determinant is presented to the antibody, even if it were in 
the same conformation as in the native protein, the binding should be much 
weaker. However, in general, binding of anti-protein antibodies to short and 
unstructured peptides should be interpreted with caution, since recent exper- 
iments (P-t. Shi, J. Riehm, P. E. E. Todd, S. J. Leach, manuscript submitted), 
discussed in detail in the section on myoglobin, above, have demonstrated 
that such binding may be of limited biological significance, but rather depen- 
dent on hydrophobicity and charge. 

In contrast to studies with antibodies, T cells elicited by immunization with 
a native protein frequently have been found to react equally well when chal- 
lenged with either the native or denatured forms of that antigen or its peptide 
fragments (1 3 1 , 1 34, 1 37 , 143 , 144). The molecular mechanism(s) of this cross- 
reactivity remains to be elucidated. 

CONCLUSIONS 

The surface of a protein antigen consists of a complex array of overlapping 
potential antigenic determinants; in aggregate these approach a continuum. 
Most determinants depend upon the conformational integrity of the native 
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molecule. Those to which an individual responds are dictated by the structural 
differences between the antigen and the host^s self-proteins and by host reg- 
ulatory mechanisms, and are not necessarily an inherent property of the protein 
molecule reflecting restricted antigenicity or limited antigenic sites. 
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Of an almost infinite variety of epitopes (or antigenic deter- 
minants) on protein molecules, only five complete struc- 
tures are known. The single method that can determine 
the complete structure of an epitope is preparation of a 
complex of a monoclonal antibody Fab fragment with its 
antigen, crystallization of this complex, and determination 
of Its structure using X-ray diffraction methods. This has 
now been done for three complexes of Fab-lysozyme 
(from chicken egg white) and two of Fab-neuraminidase 
(from influenza virus) (Amit et al., 1986; Sheriff et al., 1987; 
Padlan et al., 1989 and Tulip et al., 1990). These epitopes 
all occupy large areas comprised of 15-22 amino acid 
residues on several surface loops. Antigenicity of these 
epitopes is absolutely dependent upon conformation of 
the native proteins. 

The term epitope was coined by Niels Jerne In 1960, 
when he proposed that "an antigen particle carries several 
epitopes (~ surface configurations, single determinants, 
structural themes, immunogenic elements, haptenic groups, 
antigenic patterns, specific areas). Hidden epitopes which 
become immunologically available only after breakage, 
decomposition, or denaturation of the antigen are crypto- 
topes." Inherent in this definition is the concept that an epi- 
tope occurs on the surface of a native protein, whereas a 
linear peptide sequence seen after protein unfolding could 
occur on the inside or the outside of the folded polypep- 
tide. Processed peptides that would be recognized by T 
cells in association with major histocompatibility complex 
molecules would actually be included in the latter cate- 
gory and are more appropriately considered cryptotopes 
rather than T cell epitopes as they are now known. Unfor- 
tunately, the term T cell epitope is in common usage to de- 
scribe the peptide sequence on the original protein, al* 
though it is not in this native form that it is recognized by 
the T cell. In contrast, antibodies do recognize epitopes 
on native proteins, and the complementary paratope on 
the antibody is exquisitely specific for the native confor- 
mation. We propose that the term epitope be reserved for 
those structures on native proteins that bind antibodies. 



might be subdivided into sequential epitopes (involving a 
single continuous length of the polypeptide chain) and 
conformational epitopes, in which several discrete amino 
acid sequences, widely separated in the primary struc- 
ture, come together on the surface when the polypeptide 
chain folds to form the native protein (Sela, 1969). As dis- 
cussed below, all five of the structurally defined epitopes 
are of the conformational type. As has been discussed 
previously (Benjamin et al., 1984), all determinants recog- 
nized by antibodies are conformational in that antibodies 
will bind with measurable affinity only to those molecules 
presenting the right conformation; "discontinuous" is a 
more accurate description of nonlinear epitopes since 
they are assembled from residues from several different 
portions of the polypeptide chain. 

The five epitopes characterized by X-ray crystallogra- 
phy are of the discontinuous type, encompassing two to 
five surface loops. The highly complementary Interface 
between antigen and antibody is absolutely dependent on 
the folding of the native protein. The antibody combining 
site is seen to be an irregular, rather flat surface with pro- 
trusions and valleys formed by amino acid side chains. 
The epitopes each contain between 15 and 22 residues on 
the antigen in contact with a similar number of residues 
on the antibody paratope. Although the Interpretation of 
contacts is somewhat arbitrary (and may differ between 
laboratories), and the contribution of each to the binding 
energy is unknown, these five examples provide the best 
descriptions of epitopes on native proteins so far avail- 
able. The figure shows the visualization of one epitope on 
influenza virus neuraminidase and three on lysozyme. 
Each epitope has a buried surface area on the antigen of 
650-900 A^. There are 75-120 hydrogen bonds between 
the antibody and antigen, as well as salt links and hydro- 
phobic interactions. 

In contrast to the consensus that X-ray structures have 
given of protein epitopes, there still is found in the litera- 
ture a widely held misconception that epitopes on native 
proteins consist of segments of about 6 amino acid 
residues that can be mimicked or mapped utilizing syn- 
thetic peptides of a similar length. In fact, numerous 
studies (e.g., Green et al., 1982) claimed to have localized 
epitopes on native proteins by studying synthetic peptides 
corresponding to short linear sequences within the pro- 
tein. However, the success of such approaches with well- 
defined antibodies has been limited, and any cross- 
reactivity seen in these experiments probably represents 
binding to a proportion of denatured protein (Jemmerson 
and Blankenfeld, 1989). Similarly, those cases in which 
peptides appear to give good cross-reactivity with anti- 
protein antibodies in solution assays probably represent 
antibodies originally elicited by denatured protein. 

The still-prevailing notion that a protein epitope has the 
size of a hexapeptide came from extrapolation of studies 
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1989) describes epitopes as spanning 4-7 amino acid 
residues on the antigen. This concept has also received 
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Ribbon Diagrams Showing the Location of Epitopes 

Structures were determined by X-ray diffraction analysis of crystalline complexes of monoclonal antibody Fab fragments and the antigens, hen egg 
white lysozyme and influenza virus neuraminidase. (A) HyHELIO-lysozyme. (B) HyHELS-lysozyme. (C) D13-lyso2yme. (D) NC41-neuraminidase 
Residues contacting antibody light chains, heavy chains, or both are shown in red, blue, and white, respectively Contacts for the Fab-lysozyme 
complexes are based on Amit et al. (1986), Sheriff et al. (1987), and Padlan et al, (1989), as summarized by Davies et ai. (1990). The Fab-neuramini- 
dase contacts are those listed by Tulip et al. (1990). The program used was Ribbons, written by Dr. M. Carson. Models were constructed by Dr. Ming Luo 



apparent support from binding studies with anti-peptide 
antibodies. These indicate that antibodies generated against 
peptides would bind to proteins in assays such as ELISA 



1982). Perhaps a better term for determinants detected 
under these conditions is unfoldon. The term epitope 
should be reserved for those determinants rftrngni^pri hy 
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partial unfolding of the protein antigens (e.g.. Green et al., a particular antibody binds to an epitope on the native pro- 
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tein or to an unfoldon? For a protein to have biological ac- 
tivity (e.g., enzymatic activity) it needs to be correctly 
folded. It follows that if an antibody affects that activity, it 
must be binding to an epitope on the native protein, i.e., 
a foldon, and not to a cryptotope or unfoldon on the de- 
natured form. Of course, many antibodies will bind to 
epitopes on native proteins without affecting biological 
activity. 

On the other hand, immunization with peptides can be 
very useful for producing antibodies for identification of 
denatured or unfolded molecules (for example, on a gel or 
in a bacterial expression library). It must be emphasized 
that these antibodies are not recognizing epitopes in the 
sense as defined by Jerne, but simply short, linear se- 
quences within the unfolded protein which at most could 
correspond to cryptotopes as defined by Jerne. Peptides 
are of limited use in epitope mapping or the study of anti- 
genic structures of native proteins. In fact, in most cases 
anti-peptide antibodies or unfoldons identified by them 
are devoid of any biological significance, and results from 
such epitope mapping studies can be extremely mis- 
leading. 

Another frequently held misconception is that proteins 
display only a restricted small number of epitopes in a 
polyclonal response. Although some specificities may be 
immunodominant owing to immune regulation, the evi- 
dence that most, if not all, of the protein surface is anti- 
genic has been considered previously in detail (Benjamin 
et al., 1984) and is an underlying assumption of our dis- 
cussion. 

In addition to the use of anti-peptide antibodies, other 
functional methods that measure some aspect of anti- 
body-antigen interaction have been used in futile at- 
tempts to define protein epitopes. These include: 

• absorption of sera with fragments of the antigen, 

• antibody protection (of residues against chemical deri- 
vatization or peptide bonds against hydrolysis), 

• competition tests among monoclonal antibodies, 

• reactivity of anti-protein antibodies with variants of the 
antigen (which Include naturally occurring antigenic 
variants and variants produced by site-directed muta- 
genesis or selection of escape mutants of viral anti- 
gens), and 

• molecular modeling (from physical properties of anti- 
gens and from energetic analyses of complexes— an ap- 
proach that has also been used to predict antigenic 
regions or residues). 

Some of the above methods have been partially suc- 
cessful in identification of specific residues or general 
regions recognized by an antibody, but none has yet al- 
lowed the complete definition of an epitope. To date, only 
determination of the structure of crystals of antibody-anti- 
gen complexes has allowed complete definition. 

Attempts to match the functional epitope and the struc- 
tural epitope precisely have not yet been completely suc- 
ressfnl, althniigh thft flisparily is nnt grftat Fiinfitinnal flifTi- . 
says may indicate that a smaller suDset of residues is 
involved in binding energy, but this probably reflects a 



limitation on the number of antigenic variants available. In 
fact, for ait the complexes, variants of only a small fraction 
of the contact residues have been tested. For example, 
competitive inhibition studies with evolutionary variants 
of tysozyme correctly identified critical residues in the 
HyHEL-5 epitope but did not predict its full extent. Similar 
methods were less successful in predicting the HyHEL-10 
contact residues (Lavoie et al.. 1990). In addition, all es- 
cape mutants that abolish binding of the NC41 antibody 
to neuraminidase do in fact correspond to residues within 
the structural epitope. To date, there are no published ex- 
amples of a mutation of a residue within the structural epi- 
tope which does not affect binding. 

Molecular modeling has suggested that a subset of 
residues within the structural epitope may contribute most 
of the binding energy, i.e., form an "energetic epitope," with 
surrounding residues allowing structural complementarity 
(Novotny, 1990). It should be noted that these energeti- 
cally critical residues are generally not sequentially lo- 
cated. Nevertheless, mutation of the surrounding resi- 
dues may significantly reduce or even abolish binding. 
Whether the alteration of binding by changing any given 
amino acid is due to loss of energy contributing to the in- 
teraction by that particular residue, or whether it repre- 
sents introduction of a "pin" in the interface that interferes 
with the way the antibody "sits" on the antigen will require 
refinement of structures of complexes with mutant antigens. 

In conclusion, the structural data establish that epitopes 
on native proteins consist of 15-22 residues in a dis- 
continuous array. Energetic calculations suggest that a 
smaller subset of 5-6 of these residues contributes most 
of the binding energy, with the surrounding residues mere- 
ly indulging in complementarity. It should be stressed that 
the residues proposed to contribute most of the binding 
energy are not arranged in a linear sequence but are scat- 
tered over the epitope surface; in no sense can they be 
considered equivalent to unfoldons identified with an- 
tisera against short peptides. Ultimately, definition of the 
precise relationship between the structure and the func- 
tion of the epitope will require detailed kinetic and struc- 
tural analysis of site-directed mutants of both antigen and 
antibody. 
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Protein antigenic determinants have been classified as continuous 
<*r discontinuous'*^. The continuous detenninants are composed of 
Lsidues which are local in the polypeptide sequence, while discon- 
tinuous detenninants consist of residues from different parts of 
the sequence, brought together by the folding of the protein to its 
native structure. Searches made for protein determinants using 
peptide fragments which compete with protein-antibody complex 
formation, or peptides that can be used to raise antibodies which 
crossreact with the native protein, are limited to the simulation of 
continuous determinants. However, recent experiments^ suggest 
that most determinants are discontinuous. We now show, by con- 
sideration of protein surfaces, that if the recognition zone between 
a protein and antibody has the same dimensions as those found 
for the lysozyroe-antibody complex^ none of the protein's surface 
y ni be 'continuous'. We suggest that all determinants are discon- 
tinuous to some extent, and that crossreacting peptides mimic only 
the 'primary' interaction site. In addition, we show that the parts 
of a protein's surface which are most continuous fall predominantly 
in the loops and/or protruding regions. This explains why quantities 
such as hydrophilicity^, accessibility^, mobility^ and protrusion" 
can be used to predict which parts of a polypeptide provide the 
'best' antigenic peptides. 

The surface of a globular protein, as defined by X-ray crys- 
taliographic coordinates, is very complex and convoluted. 
However, visual inspection of any structure shows that most 
residues on the surface have neighbouring residues that are 
distant in the sequence. To quantify this observation, we have 
used the atomic coordinates available from the protein 
databank^ to search for ^continuous patches- on the surface of 
a proteiii. The method used (see Fig. la) involves centering a 
sphere of. radius, (r) on each surface atom in the protein, and 
calculating the proportion (F) of the other surface atoms 
enclosed by the sphere which belong to residues local in the 
amino-acid sequence. If a sphere encloses only local surface 
atoms, then we have identified a continuous patch; Surface 
atonis are defined as those with contact areas (calculated by the 
method of Lee and Richards^**) > 2 A^; local surface atoms are 
those belonging to residues in the sequence i - n -> i + n, where 
is the residue containing the surface atom at the origin of a 
sphere, and n is an integer in the range 1-10. 

When the percentage of surface atoms which lie at the centre 
of a continuous patch is plotted as a fuiictibn of sphere radius, 
we obtain the surface 'continuo-grams* shown in Fig, 1 b. Four 
separate plots are presented to show how the results depend on . 
the definition for a local surface atom. These graphs are averaged 
over three proteins (myoglobin, trypsin and lysozyme), but the 
individual plots are essentially identical. Note that as the size 
of the sampling sphere increases, the percentage of the surface 
which is continuous decreases rapidly, until at a radius of ~ 10 A 
virtually all of the surface is discontinuous, that is, there is no 
r - gion of 20 A diameter which contains only atoms from residues 
local in the amino-acid sequence. This relates directly to the 
observations made for the lysozyme-antibody complex, where 
t|ie recognition zone is estimated to be 20x25 A, and is discon- 
tinuous"*. Note however, that this is a monoclonal antibody and 
has a reasonable affinity for its antigen; the association constant, 
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Fig. 1 a, Illustration of the method used to calculate the percen- 
tage of 'continuous surface' for a protein. The figure shows part 
of a space-filling model of lysozyme. A sampling sphere of radius 
6 A is centred on one of the surface atoms in the molecule: CG2 
of Thr 47. The sphere encloses the atom centres of six other surface 
atoms, all of which are considered here as local surface atoms, 
since they belong to residues in the sequence 44-»50. Two of the 
local surface atoms are labelled by residue number. Because all 
of the atoms enclosed by the sphere belong to local amino-acid 
residues, CG2 of Thr 47 is considered as the centre of a surface 
'continuous patch*. 6, Surface 'continuo-grams\ showing the per- 
centage of surface atoms which He at the centre of a continuous 
patch as a function of sampling sphere radius. The four curves are 
obtained using different definitions for a local surface atom. 
(Specifically, these are atoms which belong to residues i - 1 i + 1, 
i-3-»i + 3, 1-5^1 + 5, i-10h^ i-f 10, where i is the residue con- 
taining the surface atom at the origin of the sampling sphere.) 
Note that since the calculations (described in a and in the text) 
consider only atoms whose centres are enclosed by a sampling 
sphere, these curves represent conservative estimates of the percen- 
tage of continuous surface. If the intrusion of any fraction of an 
atom into the sampling sphere is considered, all of the curves will 
be shifted to the left. 



fore be continuous. As we demonstrate below, however, this is 
not likely to be the case. 

A low-affinity antibody, with /^A = 10**mol will have a 
standard free energy of binding of -6kcalmor' (ref. 11). 
Assuming, therefore, that each A^ of the protein surface buried 
during association contributes 20cal (ref. 12) to the binding 
energy, the buried area will be —300 A^ Using sampling spheres 
of various sizes centred on each of the surface atoms in lysozyme. 



munication). Other antibodies that bind more weakly to their 
antigens may have smaller combining sites, which might there- 



typically involve a patch of -8 A radius. As shown in Fig. 16, 
<10% of the surface patches of this size are continuous. Thus, 
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Fig. 2 Variation in <F> along the sequence of myoglobin (a) and 
lysozyme (b).{F) values for residues are plotted along the ordinate 
and the sequences of each protein along the abscissa. The locations 
of secondary structures in the proteins are shown below the corre- 
sponding plot; helices are represented by solid bars, ^-strands by 
stippled bars and loop/turn regions by single lines. The locations 
of antigenic peptides are indicated above each plot; those 
labelled in 6 by • are discontinuous. 



binding sites even for low-affinity antibodies are unlikely to 
involve only local amino-acid residues. We conclude that hep- 
tapeptides which cross react with protein antibodies mimic only 
part of the recognition area. Similarly, anti-peptide antibodies 
which recognize native protein will be limited to surface patches 
dominated by a short peptide, where interference from non-local 
residues is minimal. 

On this basis, therefore, it would be reasonable to expect that 
the parts of a protein that are 'most continuous', should provide 
the best antigenic peptides. As Fig. 2 shows, this is indeed the 
case; the two plots illustrate the variation in (F) along the 
sequences of myoglobin and lysozyme, where <F> represents the 
mean value of F for ail surface atoms in a residue, calculated 
using a sampling sphere radius of 10 A (residues which do not 
contain surface atoms are assigned a value of <F) = 0). The 'most 
continuous* patches in each protein are those where the residues 
have <F)> 50%. Note that there is a strong correlation between 
these regions and the location of antigenic peptides*^'*^ 

An analysis of the surface compositions of 12 proteins shows 
that -50% of all loop residues have <F> values >50% (Fig. 3). 
The corresponding figures for helix and sheet residues are only 
23% and 16%, respectively. As would be expected, therefore, 
most of the residues which form the most continuous regions 
lie in loops which protrude from the surface of the protein. 
Some are also found in helices, but none are found in the central 
strands of a )3-sheet (where residues which are distant in the 
sequence will always be in close proximity). 

These results provide a satisfying rationale, taken together 
with the necessity for antibody accessibilty* or protrusion^, to 
explain which regions of a protein provide the *best' antigenic 
peptides. 
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Fig. 3 The distribution of <F> values for residues in loop ( ), 

helix ( ) and ^-strand ( ) regions, % Indicates the 
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Expression of a transfected 
human c-myc oncogene 
inhibits differentiation of 
a mouse erythroleukaemia cell line 

Ethan Dmitrovsky*, W, Michael Kuehl*, 
Gregory F. Hollis*, Ilan R. Kirsch*, 
Timothy P. Bender"^ & Shosbana Segal*t 

* NCI-Navy Medical Oncology Branch, National Cancer Institute, 
and t Department of Medicine, Uniformed Services University 
of the Health Sciences, National Navy Medical Center, 
Bethesda, Maryland 20814-2015, USA 

The Friend-viins-derived' mouse erythroleokaemia (MEL) ceil 
lines represent transformed early erythroid precursors that can be 
induced to differentiate into more mature erythroid cells by a 
variety of agents including dimethyl sulphoxide (DMSO)^. There 
is a latent period of 12 hours after inducer is added, when 80-90% 
of the cells become irreversibly committed to the differentiation 
programme, undergoing several rounds of cell division before 
permanently ceasing to replicate^•^ After DMSO induction, a 
biphasic decline in steady-state levels of c-myc^*^ and c-myfr* 
messenger RNAs occurs. Following the initial decrease in z-myc 
mRNA expression, the subsequent increase occurs in, and is 
restricted to, the G, phase of the cell cycle'. We sought to determine 
whether the down-regulation is a necessary step in chemically 
induced differentiation. Experiments reported here indicate that 
expression in MEL cells of a transfected human c-myc gene 
inhibits the terminal differentiation process. 

To study the relationship between the down-regulation of the 
c-myc mRNA and cellular differentiation, a plasmid 
(PL'hmcneoO containing the pSV2neo and the human c-myc 
genes was transfected into MEL cells (line 745). The stable 
G418-resistant transfectants (Fig. 1) were induced with DMSO 
to determine their differentiation potential. Strikingly, all trans- 
fectants which expressed the exogenous human c-myc gene 
failed to develop a red pellet or a positive reaction with benzidine 
after 7 days of induction. This inhibition of differentiation is 
not a transfection artefact. The parental MEL cells were sub- 
cloned after undergoing a sham transfection without selection, 
and all 24 subclones examined differentiated after 7 days of 
DMSO induction. In addition, transfectant T57, which 
expressed only the neomycin resistance gene, differentiated nor- 
mally after induction. Introduction of another selection marker. 
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not interfere with induced differentiation of MEL cells*. 
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THE ANTIGENIC SURFACE OF STAPHYLOCOCCAL NUCLEASE 
IL Analysis of the N-1 Epitope by Site-Directed Mutagenesis^ 
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Charlottesville, VA 22908 



Previous studies in our laboratory on the produc- 
tion and isolation of a panel of xnAb to staphylococ- 
cal nuclease allowed us to define a series of eight 
overlapping epitopes. Using site-directed mutage- 
nesis of the nuclease coding sequences we were able 
to map the nonoverlapping epitopes recognized by 
two members of this panel. In the study reported 
here, we report the generation and analysis of a 
numt>er of single amino acid substitutions for seven 
surface residues predicted to lie within one of these 
two epitopes. Immimochemical analysis showed 
that one or more substitutions at each of these 
seven positions had a major effect on mAb binding, 
whereas other substitutions had none. Based on the 
nature of these substitutions and the chemical and 
physical properties of the variant molecules, we 
believe that any structiu'al effects induced by these 
substitutions are local and do not result in long- 
range structural alterations that indirectly influ- 
ence antibody reactivity. Therefore, we conclude 
that disruption of mAb binding can be directly at- 
tributed to changes in amino acid side chains and 
that not only are all seven of the residues studied 
part of the epitope but all seven make contact with 
the antibody combining site. These studies demon- 
strate the advantages of using site-directed muta- 
genesis to study antigen structure and emphasize 
the importance of constructing and examining mul- 
tiple substitutions for any given amino acid. 

Examination of the reaction between Ab^ and members 
of a panel of closely related, homologous proteins has 
been one of the most successful approaches to the study 
of protein Ag structure (1). The data obtained were a 
correlation between differences in amino acid sequence 
among the proteins and their reactivity with Ab. Such 
studies led to the localization of multiple epitopes on a 
number of Ag and to the unambiguous demonstration of 
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the presence of discontinuous epitopes on the surface of 
protein Ag. Of particular note was the accurate prediction 
of the HyHEL5 epitope on the surface of HEL (2): a model 
essentially confirmed in most essentials upon solution of 
the crystal structure of the HEL-HyHEL5 complex by 
Sheriff et al. (3). 

Despite these successes, this approach is severely lim- 
ited by the number of naturally occurring variants and 
even more so by the number of available variants with 
different amino acids at the same position within the 
epitope. The ability to ask other questions about the Ag- 
Ab interaction, such as the nature of the interface formed 
by Ag and Ab, or the conformational effects of this inter- 
action is similarly limited by the number of variant Ag 
molecules available and by the extent of difference be- 
tween any two Ag being compared. For example, differ- 
ences in reactivity of an Ab with two or more Ag may not 
be assigned to particular residues because in each case 
there is more than one difference between the two Ag 
within the epitope. Similarly, the absence of major con- 
formational changes in HEL upon interaction with the 
HyHELS. HyHELlO or D1.3 mAb (3-5) may be due to 
structural rigidity imposed on the HEL molecule by its 
four intrachain disulfide bonds necessitating examina- 
tion of the structure of complexes of mAb and non- 
disulfide-bonded protein Ag. 

To bypass many of these limitations and to begin to 
answer some of these questions, it is necessary to develop 
an alternative Ag-Ab system for which the Ag lacks 
disulfide bonds, for which the crystal structure is known 
to high resolution, and for which the coding sequences 
have been cloned into a high level expression vector to 
permit the easy manipulation of coding sequences. Sys- 
tematic manipulation of the coding sequences would al- 
low isolation of a large panel of single amino acid variants 
of the Ag and high level expression would allow produc- 
tion of sufficient material for complete immunochemical, 
chemical, and physical analysis. 

In the accompanying report (6) we reported the initial 
development of such a system with NASE as the selected 
Ag. We also reported the production and properties of a 
panel of antl-NASE mAb that defines a series of eight 
overlapping epitopes. In addition, we showed that site- 
directed mutagenesis of the NASE coding sequence re- 
sulted in single amino acid variants that allowed localiza- 
tion of several epitopes on the NASE surface. In this 
communication, a more detailed analysis of one of these 
epitopes is reported. 
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MATERIALS AND METHODS 

Isolation of NASEJrom pFOG405. Escherichia call K-1 2 contain- 
ing the NASE-encoding plasmld pFOG405 (7) was grown overnight 
In LB medium supplemented with 0.08% glucose and 25 to 50 /xg/ml 
amplciUin. The culture was diluted 50x into complete MOPS medium 
and after incubation with shaking at 37*^0 for 5 to 8 h. NASE was 
Isolated according to Serpersu et al. (8) and further purified by FPLC 
(Pharmacia Fine Chemicals. Piscataway. NJ) cation exchange chro- 
matography using a simple 0 to 0.25 M NaCI linear gradient In 0.05 
M sodium phosphate buffer pH 8.5. 

Oligonucleotide mutagenesis. A series of single amino actd var- 
iants of NASE was generated by oUgonucleotide-dlrected mutagene- 
sis using the method of Kunkel and co-workers (9. 10) as described 
in the Blo-Rad publication 170-3571 (Bio-Rad Laboratories. Inc. 
Richmond. OA). Oligonucleotides were synthesized at the Protein 
and Nucleic Acid Research Facility at the University of Virginia. 
Mutants were identified by DNA sequence analysis and the mutated 
sequence substituted for the native sequence in the pFOG vector. 
Variant NASE was expressed and the protein purified as described 
above for the native protein. The resulting proteins are referred to 
by the single letter amino acid code* for the wild-type protein, the 
position in the primary amino acid sequence of that amino acid, 
followed by the variant amino acid in single letter code, e.g., K53N 
Is an asparaglne (N) substitution for a lysine (K] at position 53. 

Competitive inhibition assay. The relative ability of variant Ag 
to interact with mAb was determined by competitive inhibition in a 
modified ELISA assay as follows: Ag at varying concentrations was 
mixed with Ab to give a final Ag concentration of 0.1 to 100 Mg/ml. 
The Ab concentration was predetermined to give a known endpoint 
OD4Uoin in the ELISA assay in the absence of any Inhibitor. All Ag 
and Ab solutions were prepared in PBS containing 0.1% BSA, and 
these mixtures were allowed to equilibrate overnight at 4**C. These 
Inhibitor Ag-Ab mixes were each pipetted, in triplicate, into wells of 
a 96-weIl ELISA assay plate that had been precoated with native 
NASE at 1 .0 ng/ml These plates were then incubated at 37''C for 1 
h and subsequently processed as for the standard ELISA assay. 
Positive and negative controls were run with and without added 
native NASE as inhibitor. Results are expressed as the percent 
inhibition of the reaction of mAb in the absence of any inhibitor. 

Enzyme activity. Enzyme activity was determined by the hyper- 
chromlclty assay of Cuatrecasas et al. (11) at 37''C in 25 mM Tris 
HCI, pH 8.8. 10 mM CaCl2, and DNA at 50 >ig/ml. A unit of enzyme 
(the amount of enzyme required to cause an increase in absorbance 
of 1 .0/mlnl was determined from a plot of initial rate (VI vs amount 
of enzyme used. The specific activity of NASE was then calculated 
as U/mg enzyme. Km and V^ax were determined from double recip- 
rocal plots of 1/(V) vs 1/(S) in similar assays using a constant amount 
of NASE 150 ng) and varying amounts of DNA (10 to 40 ^g) In a final 
volume of 1.0 ml. 

Physical analyses. Affinity constants were estimated by a mod- 
ified ELISA assay according to Friguet et al. (12) with the correction 
described by Stevens (13) for whole antibody. 

Circular dlchrolsm (CD) spectra were obtained for purified NASE 
and selected NASE variants using a Jasco J-600 spectropolarlmeter 
at room temperature with a 0.1 -cm path length. Samples were at 
approximately 100 fig/ml in 0,05 M sodium phosphate buffer, pH 
8,5. containing 0.06 M NaCI. Molecular eliptlclty [9] (in deg, cm^ 
decimol"') was calculated and plotted vs wavelength (X), 

Tryptophan fluorescence emission spectroscopy was performed 
using a Perkln-Elmer LS-5 fluorescence spectrophotometer (Perkin- 
Elmer Corp., Norwalk. CT). Samples were prepared In 25 mM Tris, 
pH 8,8, 10 mM CaCla buffer (Trls/CaCIa) and diluted to give equiva- 
lent absorbance at 280 nm. typically Azeo = 0.1, For fluorescence 
emission measurements the samples were excited at 280 nm and 
the resulting emission was scanned from 300 to 400 nm. Acrylamide 
quenching of fluorescence was determined by adding increasing 
amounts of 6 M acrylamide, dissolved in the same buffer, to final 
concentrations of 0.1 to 0.5 M. For the quenching experiments, 
samples were excited at 295 nm and the emissions were scanned 
from 310 to 400 nm. The quenching constant was calculated from 
the slope of a Stern- Volmer plot as described by Leto and HoUoway 
(14). 

* The single letter code for amino acids used In this paper are as follows; 
A. alanine; E. glutamic acid: F. phenylalanine; H. hlstldinc; I. isoleuclne: 
K, lysine: L. leucine: M, methionine; N. asparaglne: Q. glutamlne: R. 
arginlne; S. serine; T. threonine; V. valine; Y. tyrosine: W. tryptophan. 



RESULTS 

Modeling of epitope N-L The epitope, herein referred 
to as the N-1 epitope, defined by mAb- 1 and localized 
using the K133T variant NASE molecule (6) was selected 
for further study because K133 lies on a relatively flat 
surface of NASE (and. in that sense, corresponded to the 
three HEL epitopes for which the crystal structure is 
known) and because the sole tryptophan residue of NASE 
(W140) is predicted to lie within the N-1 epitope (see 
below). W140 has numerous contacts with K133 (the 
position used to originally localize the epitope) and is an 
excellent reporter molecule for physical studies. 

The topography of NASE, in the vicinity of K133. was 
examined on a Silicon Graphics Iris System (Silicon 
Graphics. Mountain View, CA) using atomic coordinates 
taken from the Brookhaven Protein Data Bank (Brook- 
haven National Laboratory. Upton, NY) (Fig. 1). Based on 
the known dimensions and other properties of the three 
known HEL epitopes (3-5), the N-1 epitope was predicted 
to He on a relatively flat surface with outside dimensions 
of approximately 25 x 25 A covering about 75oA^ solvent 
accessible surface area. As such it was predicted to con- 
sist of 10 core residues [Y54^ Kl 10, VI 1 1 , AI12, E129, 
Kl 33, K 1 34. Kl 36, 1 1 39, and W 1 40) and seven boundary 
residues (E52, K53, Yl 13, VI 14, R126. A130. and S141): 
the terms core and boundary being used merely to indi- 
cate position within the epitope. These boundary residues 
may or may not contact mAb-1. A 130 and SI 41 were 
assigned to the boundary because their side chains point 
away from the selected surface. The positions of residues 
142-149 have not been determined in the crystal struc- 
ture, Indicating the extreme mobility of this region of 
NASE. and none of these residues has been predicted to 
be within the epitope. A truncated molecule terminating 
at SI 41 is being constructed to test this possibility. Al- 
though other epitope structures, which would also con- 
tain residue 133. are possible the N-1 epitope predicted 
above is merely a working model and as such Is an 
experimentally testable hypothesis. 

Competitive inhibition assays. These studies focused 
on seven of the core residues — K133 and six other resi- 
dues surrounding it (Fig. 1). One or more single amino 
acid variant molecules for each of these positions was 
produced and examined for their ability to inhibit the 
reaction between NASE and mAb-1. The results for var- 
iants at position 129 and 133 are shown in Figure 2, 

The K133 variants could be placed into two distinct 
groups: 1) those which were immunochemically identical 
or very similar to native NASE and which retained a 
positively charged side chain, i.e.. the K133R and K133H 
variants; and 2) all other variants studied each of which 
required approximately 100-fold more Ag than native 
NASE to give 50% inhibition. All variants at position 133 
were equivalent to native NASE in their reactivity with 
mAb-25 that defines the N-25 non-overlapping epitope 
on NASE (6). As another control the H46R variant that 
localizes the N-25 epitope, reacts the same as native 
NASE with mAb-1 whereas showing the expected re- 
duced reactivity with mAb-25 (Fig. 2). 

In contrast, variants at position 129 of NASE showed 
a broader range of reactivity with mAb-1 whereas main- 
taining normal reactivity with mAb-25 (Fig. 2). For ex- 
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Figure 1. Graphic representation of 
staphylococcal nuclease and the N-I epi- 
tope. A. The complete structure of NASE 
with the lysine at position 133 (K133) and 
Its adjacent tryptophan at position 140 
(W140) Indicated. The proposed N-1 epi- 
tope lies along the side of the NASE mol- 
ecule with residues K 1 36 and V 11 4 at the 
top and bottom as shown. B, Frontal view 
of the surface amino acids predicted to l>e 
within the N- 1 epitope. The residues stud- 
ied In this report are Kl 10. El 29. K 133. 
K134. K136. 1139 and W140. 
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TABLE I 

Summary of competitive inhibition analysis 
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Figure 2, Inhibition of mAb-1 and mAb-25 binding to native NASE by 
variants at positions 133 and 129. Varying amounts of variant or native 
NASE was added to an amount of mAb predetermined to give a set 
endpolnt in a standard ELISA assay. After incubation, allquots were 
added to triplicate wells of a microliter ELISA assay plate that had been 
precoated with native NASE. The amount of mAb that bound to the assay 
plate was subsequently determined by a standard ELISA assay. The 
extent of Inhibition was calculated and plotted vs the amount of Inhibitor 
added. 

ample, the E129L variant required at least 100-fold more 
Ag, than did native NASE, for 50% inhibition whereas 
the E129H and El 299 variants had intermediate effects. 

The results of competitive inhibitions using variants at 
each of the five other positions studied are shown in 
Table I. It is quite clear that one or more substitutions at 
each of the seven core positions tested have major effects 
on binding by mAb-1, e.g.. the KllOS and K136N var- 



Amount of Ag" 



Inhibiting Ag** 



<1 /ig/ml 


NASE 


K134L(3). K134T (3) 


KllOQ (31 


11 39V (I) 




EI29H (3) 


W140L(11. W140S(l) 




K133H (3). K133R (1) 




>1 fig/m\ 


K110T(10|. KllOA(lO) 


K136N (33) 




KllOS (30] 


1139K (10). II39M(10) 




E1299(17) 


W140Y (50). W140K (30) 




K134N(10| 




>10*ig/ml 


KllOH (100] 


K133T(83). K133F (83) 




E129L (67) 


K133L(116). K133Y (200). 






KI33N (83) 



" Amount of antigen required for 50% inhibition. 
"Numbers in parentheses arc estimates of the relative amount of 
variant protein required to give inhibition equivalent to native Ag. 

iants. It is also clear that some substitutions had little or 
no effect, e.g.. the K 1 lOQ and 1 139V variants. In all cases 
reactivity with mAb-25 was essentially the same as that 
seen with native NASE. 

As a final control, the reactivity of a number of these 
variant molecules with other mAb. each belonging to a 
complementation group different from that of mAb-1, 
was tested. In all cases the reactivity of the variants was 
equivalent to that observed with native NASE (data not 
shown). 

Enzyme activity. The enzymatic activity of native 
NASE and several variants was determined In an initial 
attempt to assess the effect of the amino acid substitu- 
tions on the structure and function of NASE. Some of the 
results of these studies are shown in Table II. The K133R 
variant, which reacted normally with mAb- 1 , had native 
enzyme activity. In contrast, substitution of threonine 
for lysine at this same position (the K133T variant), a 
change that dramatically affected reactivity with mAb-1 . 
resulted in reduced enzyme activity. Other variants, in- 
cluding H46R that has no effect on mAb-1 binding, also 
had reduced enzymatic activity. 

H46R showed a native Km and a reduced Vmax, consist- 
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TABLE II 

Enzyme activity values for NASE and selected variants 



Enzyme 


SA« 






NASE 


2,558 


4.51 


19 


H46R 


570 


1.43 


19 


K133R 


2.546 


3.80 


20 


K133T 


999 


5.12 


50 



"Specific activities (SA) of the enzymes were determined from the 
initial rate of DNA hydrolysis and are given In Units/mg protein. The 
and Km values were determined from Line weaver- Burke plots. The units 
for Vm«are AAb min~* /xg"* and those for are ^ig/ml. 

ent with the position of this residue on the Up of the 
catalytic site. The K133T variant showed a native V^ax 
and a reduced Km indicating a reduced affinity for the 
DNA substrate. In contrast, substitution of arginine for 
lysine at position 133 (the K133R variant) had little or no 
effect on Km or Vmax. These results could be explained 
either by a conformational change induced by the lysine 
to threonine substitution which affected both enzyme 
activity and reactivity with mAb-1 or by removal of a 
positive charge leading to reduced affinity for the DNA 
substrate without conformational change and to reduced 
binding to mAb-1. 

Physical analyses. The association constants (Ka) for 
mAb-1 and mAb-25 binding to several of the variant Ag 
were estimated by a modification of the ELISA-assay (1 2, 
13). Variants with similar inhibition patterns, e.g., 
K133R and H46R. bound each antibody with an affinity 
similar to that of native NASE whereas those variants 
with reduced reactivities bound antibody with a reduced 
affinity (data not shown). 

The normal reactivity of all variants, at these seven 
positions, with all other mAb tested suggested that any 
conformational effects that may have occurred were lo- 
calized to the immediate vicinity of the altered residue. 
However, the reductions in enzymatic activity seen with 
some variants at positions apparently not involved in 
catalysis suggested that long range effects may be occur- 
ring. In an attempt to determine what was responsible 
for reduced enzyme activity, native NASE and selected 
variants were subjected to CD and tryptophan fluores- 
cence emission analyses as independent assessments of 
structural alterations. 

The CD spectra for native NASE and the K133T and 
H46R variants are shown in Figure 3. Each spectrum 
represents the mean of five measurements on the same 
sample. It is clear that the spectra of the variant NASE 
molecules are essentially identical to that for native 
NASE, Any differences seen are well within the varia- 
tions observed between different samples prepared from 
the same stock solutions and/or different preparations 
of the same protein. These results suggest there are no 
gross structural differences between variant and native 
NASE molecules. 

In native NASE the sole tryptophan residue (W140) is 
in extensive van der Waals contact with the side chain 
of lysine at position 133 (K133) (Fig. 1). These interac- 
tions are thought to stabilize the tryptophan hydrophobic 
side chain on the surface of NASE in an aqueous envi- 
ronment. As a further assessment of whether structural 
changes were induced by the amino acid substitutions 
made, tryptophan fluorescence emission analyses of 
NASE and selected variants was performed. The UV ab- 
sorption spectra for the variant molecules did not differ 
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Figured. Circular dlchrolsm spectra of native NASE and selected 
variants. The spectrum for native NASE Is the solid line in each panel. 
The spectrum for the KI33T variant [top] and H46R variant {bottom) are 
the dashed lines. The ordinate is the mean molecular residue clllpticlty 
in degrees cmVdeclmol. Spectra are the average of five scans on a JASCO 
J600 spectrometer using a 0. 1 -cm path cuvette. Protein concentrations 
were approximately 100 /ig/ml in 0.05 M Na2PO4/0.06 M NaCI. pH 8.0. 
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Figure 4. Tryptophan fluorescence emission. The tryptophan fluores- 
cence emission spectra for native and variant NASE were determined at 
equivalent concentrations in a Pcrkin-Elmer LS-5 fluorescence spectro- 
photometer. Samples were prepared in 0.025 M Tris,HCl/0.01 M CaCla. 
pH 8.8. Samples were excited at 280 nm and emission scanned from 300 
to 400 nm. The insert shows the results of acrylamlde quenching exper- 
iments. Samples were excited at 295 nm and emissions scanned from 
3 1 0 to 400 nm. The peak fluorescence emission In the presence of various 
amounts of acrylamlde was determined and the results are presented as 
Stern-Volmer plots (14), Shown are the results for native NASE [solid 
line) and the K 1 33T variant [dashed line). 

from that of the native NASE molecule (data not shown). 
Some variants showed decreased fluorescence emission, 
e.g., K133T and K133R. whereas others did not, e.g.. 
El 299 and K133N. In no case was there a change in the 
peak emission wavelength and there was also no corre- 
lation between extent of emission and reactivity with 
mAb-1. For example, both the K133T and K133N var- 
iants show the same reduced reactivity with mAb-1 and 
normal reactivity with all other mAb tested. However, the 
K133T variant showed a decreased fluorescence emis- 
sion and increased quenching by acrylamlde (Figure 4), 
whereas the K133N variant showed normal fluorescence 
and quenching (data not shown). In each case where 
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decreased fluorescence emission was observed there was 
also demonstrable increased quenching of fluorescence 
by acrylamlde (Fig. 4). These results are consistent with 
the absence of structural alterations in the tryptophan 
environment of the variant molecules except for In- 
creased exposure of the tryptophan side chain to solvent. 
The fluorescence emission spectra and Stern -Volmer 
quenching plots for native NASE and the K133T variant 
are shown in Figure 4. 

DISCUSSION 

Site-directed mutagenesis was used to generate a series 
of genetic variants of NASE with single amino acid sub- 
stitutions at each of seven surface residues predicted to 
lie within the N-1 epitope recognized by the mAb-1 anti- 
NASE antibody. These residues Include the amino acid 
that originally mapped the epitope (K133) (6), the sole 
tryptophan (W140) with which K133 has extensive van 
der Waals contacts, and five other residues that form a 
ring around these two residues. Immunochemical analy- 
sis of the reaction of mAb-1 with native NASE and 26 
variant molecules showed that one or more substitutions 
at each position had a major effect on mAb-1 binding. 
Other substitutions at six positions had no effect; the 
only exception being position 136 for which only one 
variant was available. In conducting our studies we as- 
sumed that an amino acid is part of the epitope if any 
substitution resulted in significantly decreased binding 
of antibody in the absence of demonstrable gross struc- 
tural effects. This assignment does not define the residue 
as a contact or non-contact residue. A residue is defined 
as a contact residue if the substitution leading to de- 
creased binding does not significantly Increase the side 
chain volume. Substitution of a bulky side chain for that 
of a smaller non-contact residue could alter binding by 
preventing antibody from establishing normal bond dis- 
tances with other contact residues. In assessing the con- 
tribution of an amino acid to the epitope, using any 
method short of crystallographic analyses, one is limited 
to studying the role of side chain atoms. Therefore, the 
absence of any effect on Ab binding to any given variant 
does not rule out significant participation of one or more 
main chain atoms of that particular residue. Following 
these guidelines, we consider all seven residues studied 
to be contact residues. 

Of particular interest was the observation that the 
K133R and K133H variants were immunochemically In- 
distinguishable from native NASE. In contrast, any other 
substitution at position 1 33 drastically reduced binding. 
This strongly suggests that a positive charge at this po- 
sition is critical to binding and that perhaps the lysine 
residue in native NASE forms a salt bridge with a nega- 
tively charged amino acid(s) in the antibody combining 
site. Although only three changes were examined at po- 
sition 1 29. the current results suggest that a polar residue 
may be required because substitution of histidlne or glu- 
tamlne for glutamic acid at this position had an inter- 
mediate or no effect on mAb-1 binding whereas substi- 
tution of valine had a major effect. Study of other changes 
at this residue is required before any substantive conclu- 
sion can be made. 

An Important assumption underlying this analysis Is 



that the effect of the changes In the variant molecules 
are local to the epitope and are not long range confor- 
mational effects that Indirectly Influence antibody bind- 
ing. We do not think that non-specific, long range struc- 
tural alterations explain the decreased immunochemical 
activity of many, if any, of these variants for the following 
reasons. 1) All variants reacted normally with all other 
mAb Including mAb-25 which Is sensitive to the change 
in the H46R variant. Collawn et al. (15) have reported 
that mAb can be sensitive to subtle conformational 
changes at sites distal to the region recognized by the 
antibody. Therefore, we believe the native reactivity of 
all variants with the other anti-NASE mAb strongly sup- 
ports the absence of long-range conformational affects. 
2) All variants examined were identical to native NASE 
by circular dichroism spectroscopy (which is a standard 
measure of protein secondary structure) with the CD 
spectra showing the characteristic elliptlcity minima at 
208 and 222 nm. consistent with published data (16). 3) 
The tryptophan fluorescence emission spectra indicate 
that the variants at position 133 and 129 do not cause a 
change In the environment of the tryptophan at position 
140. We considered the possibility that changes at posi- 
tion 133 disrupted mAb 1 binding by reducing side chain 
interactions between W140 and the residue at position 
133. placing the W140 residue in a more aqueous, and 
thus thermodynamlcally less favorable, environment. If 
true, then one might have expected the WI40 side chain 
to attempt "burying" itself on the surface of the protein, 
thereby inducing significant local conformational 
changes. However, if the W140 side chain in the variants 
was attempting to bury itself, then one might have ex- 
pected to see a shift in its fluorescence emission maxi- 
mum. The results of the fluorescence emission spectros- 
copy studies presented above show no such shift. Rather, 
they show a quantitative decrease In emission, suggest- 
ing increased accessibility of the indole ring of W140 to 
solvent quenching as one might expect from a change in 
van der Waals contacts between W140 and the amino 
acid at position 1 33 in these variants. This conclusion is 
supported by the acrylamlde quenching experiments re- 
ported above including the observation that the K133N 
variant, although substantially reduced In Immunochem- 
ical reactivity, showed a normal emission spectrum with 
native quenching by acrylamlde. 4) Although some var- 
iants had lower enzymatic activity, there was no corre- 
lation between the level of enzyme activity and Immu- 
nochemical reactivity with any mAb. There was a corre- 
lation of immunochemical and enzymatic activities with 
the retention of a positive charge at position 133. This 
correlation, however, may be more apparent than real in 
the sense that the positive charge may be involved in 
binding of negatively charged DNA substrate (17) and 
coincldentally. but independently, involved in a salt 
bridge with residues in the antibody combining site. This 
conclusion is supported by the observation that the 
K133R variant has normal enzyme sp. act.. Km and V^ax 
whereas the K133T variant had a decreased specific 
activity and normal V^ax but an increased Km. Thus the 
loss of enzymatic activity by the Kl 33T variant correlates 
with a decreased affinity for substrate. In addition the 
II 39M change had much less an effect on antibody bind- 
ing and a much greater effect on enzyme activity than 
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did the K133T substitution. The mechanism of catalysis 
and substrate binding by NASE has been analyzed using 
the inhibitor thymldine-3', 5 '-diphosphate, and whereas 
it has been postulated that the binding of the inhibitor is 
an appropriate model for DNA binding, the role of resi- 
dues outside the active site has not been adequately 
addressed (18). 

Therefore, we believe the observed physical and chem- 
ical properties of the NASE variants reported here sup- 
port our conclusion that the disruption of mAb-1 binding 
can be directly attributed to changes in the side chains 
rather than to global structural effects, implicating these 
seven residues as contact residues within the epitope. 
This conclusion Is also supported by the studies of others 
that suggest alterations in surface residues have only 
local effects (19, 20). 

Our results emphasize the importance of individual 
amino acids to the antigenicity of a specific epitope as 
has been observed in other systems (1-5). They also 
demonstrate the advantages of using site-directed muta- 
genesis to study Ag structure and the contribution of 
individual amino acids to reaction with antibody. It is 
apparent that our approach has released us from the 
limitations seen in early epitope mapping experiments 
using homologous proteins and emphasizes the impor- 
tance of constructing and examining more than one var- 
iant at each position. Not all substitutions alter reactivity 
and the use of only a few variants may prohibit assign- 
ment of any given amino acid to the epitope much less 
its designation as a contact residue. Similarly, assign- 
ment of a critical and/or primary role for any given 
residue based solely on the effect of one or, at most, a 
few differences between any two or more Ag would be 
inappropriate without a more detailed knowledge of the 
nature of the other contact or buried residues. Several 
studies have reported the use of site-directed mutagenesis 
in the study of mAb-Ag interaction (21). In most cases, 
however, the studies were intended only to localize epi- 
topes on the surface of a protein Ag and few changes 
were made — certainly not many at any given residue — 
with no independent analysis of structural integrity. 

Site-directed mutagenesis has allowed us to generate a 
larger panel of single amino acid variants at a single site 
than exists for any other model Ag system for all sites. 
We have demonstrated that conclusions concerning the 
most likely nature of the contacts between a given residue 
and the antibody combining site may be obtained from a 
thorough analysis of multiple variants at a given position. 
We have also demonstrated that alterations in surface 
residues have only local effects on protein structure. We 
are continuing our analysis of the N-1 epitope as well as 
other epitopes defined by other mAb. Of particular inter- 
est is the apparent fine specificity differences noted for 
mAb-25 and mAb- 19 that belong to the same comple- 
mentation group but show different reactivity with the 
H46R variant (6). Also of significant interest is a study 
on the structural basis for overlapping epitopes as de- 



fined by competitive inhibition analyses (6. 21). 
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The analysis of the antigenic stirface of staphylo- 
coccal nuclease was begun by generating and char- 
acterizing a panel of mAb. Twelve mAb were se- 
lected from a large number of anti-nuclease mAb 
and characterized for affinity and isotype, by their 
ability to block enzyme activity, and by complemen- 
tation and competitive inhibition assays for the rel- 
ative location of epitopes. The mAb were placed in 
complementation groups based on their distinct 
binding patterns. These groups define a series of 
eight overlapping epitopes that are estimated to 
cover a large portion of the nuclease surface. Four 
mAb blocked the enzyme activity of nuclease. The 
epitopes defined by two of these four mAb were 
localized on the surface of nuclease using single 
amino acid variant Ag generated by site-directed 
mutagenesis of the cloned nuclease coding se- 
quence. mAb-25 maps to residue 46 which is located 
at the edge of the enzyme active site consistent with 
its ability to inhibit enzyme activity. mAb-19. which 
also blocks enz3rme activity and belongs to the same 
complementation group as mAb-25, was unaffected 
by the the substitution at position 46. This suggests 
that mAb- 19 and mAb-25, if they do react with the 
same epitope, have differences in fine specificity. 
mAb-22 blocks enzyme activity and t>elongs to an 
overlapping complementation group. The fourth 
mAb, mAb-1, which belongs to a distinct, nonover- 
lapping, complementation group, does not blocks 
enzyme activity, and is directed to a region of nu- 
clease that includes the amino acid at position 133. 
This residue is located a short distance from the 
active site in a region that has been suggested to 
participate in binding of DNA, a substrate for nu- 
clease. Therefore, the four epitopes defined by these 
mAb are localized at or near the enzyme active site. 

Previous studies on the molecular basis of protein Ag 
structure have focused on the use of chemical alteration 
of amino acid side chains (1,2). generation of fragments 
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of protein Ag (3, 4). synthetic peptides (1,5) and the use 
of naturally occurlng genetic variants of the Ag (6. 7). 
Although these approaches have yielded valuable infor- 
mation, each has been limited in that either only a few 
amino acids within the epitope could be identified or a 
single segment of a multi-segment epitope could be stud- 
ied. In the study presented here and in the accompanying 
paper (8). we describe a system for studying epitope struc- 
ture and Ag-antibody interactions that permits full ge- 
netic manipulation of the protein Ag structure. This in 
turn, allows the determination of the contribution of any 
amino acid to the binding of Ag by antibody. 

We have chosen NASE^ (ribonucleate (deoxyribonu- 
cleate)-3'-nucleotidohydrolase, EC3. 1.4.7) as our model 
Ag because it is structurally well defined and because the 
cloned gene (9) in a high level expression system made 
genetic manipulation and isolation of large amounts of 
mutant antigen feasible. In this report, we describe the 
generation and characterization of a panel of monoclonal 
antibodies to NASE and the use of a limited number of 
single amino acid variants to map several epitopes. In the 
accompanying report (8), we describe the generation of a 
series of single amino acid mutant NASE molecules used 
to more fully characterize one epitope. 

MATERIALS AND METHODS 

Animals. CAFi and BALB/c mice were obtained from The Jackson 
Laboratories, Bar Harbor, ME and Flow Laboratories, McLean. VA 
respectively. The mice were hyperlmmunlzed with NASE as previ- 
ously described for human serum albumin (10} and their spleens 
removed 4 days after the last injection for fusion. 

Ag. NASE was initially purchased from Sigma Chemical Co., St, 
Louis, MO and used without further purification. It was later pro- 
duced in Escherichia call using the pFOG405 expression vector (11). 
Preliminary studies showed the recombinant NASE to be Immuno- 
chemically indistinguishable from NASE Isolated from cultures of 
Staphylococcus aureus (Fogg! strain). 

Fusion. Hybrldomas producing antt-NASE monoclonal antibodies 
were generated, in the Lymphocyte Culture Center at the University 
of Virginia, by fusion of spleen cells with SP2/0-Ag,14 myeloma 
cells using the method of Kohler and Mllstein (12) as previously 
described (13). Culture supernatants were screened by a direct- 
binding ELISA assay and hybrids producing anti-NASE antil>odIes 
were cloned by limiting dilution. Selected hybrids were expanded In 
culture for production of ascites fluid and for cryopreservation. 

Antibody production and purification. Prlstanc- primed BALB/c 
mice were Injected with 1 x 10^ hybrldoma cells I. p. Ascites fluid 
was collected and the lipids removed by precipitation with dextran 
sulfate and CaCla. The clarified ascites fluid was then diluted 1/1 
(v/v) with 0. 1 5 M NaCl and the Ig precipitated with an equal volume 
of ice-cold saturated ammonium sulfate. The precipitated Ig was 
dissolved and dialyzed against PBS and subsequently affinity purl- 

^Abbreviations used In this paper: NASE, staphylococcal nuclease: 
HRPO. horseradish peroxidase. 
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fled by protein-A chromatography. 

This purified antibody was then conjugated either with HRPO 
(type V, Sigma) according to Farr and Nakane (14) or with blotin 
using the Enzolin reagent (ENZO Blochem.. New York). In the case 
of the biotin-conjugated antibodies. HRPO-conjugated strepavldln 
(Sigma) was used In the ELISA assay. No significant differences were 
found using cither reagent. 

Antibody H and L chains were Isotyped in an ELISA trapping 
assay using microti ter plates coated with goat anti-mouse Ig. Culture 
supernatants were added and the assay developed with HRPO-con- 
jugated, Isotype-speciflc. rabbit antisera (HyClone Lat>oratorles. Inc., 
Logan, UT). 

Complementation and competititive inhibition assays. ELISA- 
based complementation and competitive Inhibition assays were per- 
formed to determine the relative location, on the surface of NASE, 
of the epitope recognized by each mAb. 

The complementation assay was carried out essentially as de- 
scribed by Smith-Gill et al. (15). Microttter plates were coated with 
unlabeled antl-NASE mAb. After Incubation, blocking of unreacted 
sites and washing, purified NASE was added to each well. After 
another incubation and washing, another HRPO-conjugated (or bio- 
tin-conjugated) monoclonal antl-NASE was added. The ability of the 
second antl-NASE antibody to bind to the immobilized NASE was 
assessed by addition of substrate. 

The competitive inhibition assay was performed as previously 
described (13). HRPO-conjugated (or biotin-conjugated) antl-NASE 
mAb was mixed with varying amounts of unlabeled antibody. Im- 
mediately thereafter an aliquot of this mixture was added to wells of 
a mlcrotlter plate that had been coated with NASE. After incubation 
and washing, the substrate was added and the amount of antibody 
bound was determined. The extent of inhibition was determined 
relative to inhibition with an equivalent amount of the same or an 
Irrelevant antibody. 

Determination oj Ka- Antibody binding constants were deter- 
mined by ELISA as described by Friquet et al. (16) using the calcu- 
lation correction for whole antibody described by Stevens (17). The 
Kp was determined as the slope of a plot of the reciprocal of free 
antibody at equilibrium vs the reciprocal of the total Ag concentra- 
tion. The Ka was calculated as the reciprocal of Kq. 

Enzyme activity. Enzyme activity was determined by monitoring 
the Increase In absorbance at 260 nm of boiled calf thymus DNA 
after the addition of an aliquot of purified NASE enzyme as described 
by Cuatrecasas et al. ( 1 8). The change in absorbance was monitored 
on a Beckman DU-7 spectrophotometer (Beck man Instruments Inc.. 
FuUerton. CA) and the Initial rate of hydrolysis determined using a 
resident kinetics program. One unit of activity Is defined as the 
amount of protein required to cause a change In absorbance of 1.0. 
The sp. act. is defined as U/mg enzyme. 

The effect of antibody on enzyme activity was determined using 
the same assay with a constant amount of enzyme and various 
amounts of antibody. The initial rate of enzyme reaction under these 
conditions was determined as above. 

Antibody binding to antigenic variants. Antigenic variants of 
NASE were generated by site-directed mutagenesis as described In 
the accompanying report (8). The recombinant variants were cloned 
into the pFOG405 expression vector and expressed in £. coli. Recom- 
binant NASE and recombinant variants were purified by FPLC on a 
Mono-S ion-exchange column using a 0 to 0.25 M NaCl gradient In 
0.05 M sodium phosphate buffer. pH 8.5. These Ag were used to coat 
wells of a mlcrotlter plate in a direct-binding ELISA assay with the 
anti-NASE mAb. 



RESULTS 

Characterization of anti-NASE mAb. Two fusions 
were performed; one with CAFi spleen cells and one with 
BALB/c spleen cells. From a large number of anti-NASE 
positive clones. 25 were selected for further study. Anti- 
body purified from ascites fluid was used in complemen- 
tation and competitive binding assays, as described 
above, to determine the relative location of the epitopes 
defined by each mAb. Typical results of the complemen- 
tation assay are shown in Figure 1 A in which the results 
are presented as percent maiximum binding, setting the 
highest absorbance value in each assay as equal to 1 00%, 
It is clear that these four antibodies define three inde- 
pendent, nonoverlapping epitopes and one epitope that 
"overlaps" with two others. For example, mAb-6 binds to 



trapped Ag regardless whether mAb-1 . mAb- 10, or mAb- 
12 was used as the trapping antibody. Thus mAb-6 de- 
fines an epitope that is spatially Independent of the other 
three epitopes. mAb-12 does not bind to mAb-1 trapped 
Ag whereas mAb-6 and mAb- 10 do bind. Similarly. mAb- 
12 does not bind well to mAb- 10 trapped Ag whereas 
mAb- 1 and mAb-6 bind very well. Thus, the epitope 
defined by mAb-12 "overlaps" both the epitopes defined 
by mAb-1 and mAb- 10. However, mAb-1 does bind to 
mAb- 1 0 trapped Ag and mAb- 1 0 binds to mAb- 1 trapped 
Ag consistent with each of these antibodies defining 
separate, nonoverlapping epitopes. 

To determine whether the results of the complemen- 
tation assay may have been caused by inhibited access 
to antibody-immobilized Ag, a competitive binding assay 
was set up in which varying amounts of one unlabeled 
mAb were mixed with a constant amount of a second 
labeled mAb before addition of the mixture to assay plates 
containing immobilized NASE. The results (Fig. IB) ob- 
tained by this assay were identical to those obtained In 
the complementation assay described above, e.g., mAb- 
1 2 blocks binding of both mAb- 1 and mAb- 10 that do not 
block the binding of each other, etc. Again, these results 
are consistent with the presence of three spatially sepa- 
rate epitopes (defined by mAb-1, mAb-6, and mAb- 10) 
and a fourth epitope (defined by mAb-12) that "overlaps" 
two of them. 

Similar complementation and competitive binding as- 
says were conducted with the full group of 25 antibodies. 
Based on the results of these assays, a panel of eight 
mAb was selected that together define eight complemen- 
tation groups (or eight overlapping epitopes) (Table 1; Fig. 
2). Another four mAb were selected as additional mem- 
bers of four of these complementation groups. 

The H and L chain isotypes, the Ka. and the ability of 
each mAb to inhibit enzyme activity of native NASE were 
determined. All mAb had k-L chains, seven were IgGl, 
two were lgG2b, one IgG2a and, one IgA (Table I). mAb- 
17 did not react well with any of the isoantisera even 
after multiple rounds of subcloning. Sequence analysis 
of the L chain mRNA by polymerase chain reaction (data 
not shown) clearly shows a single species of L chain 
strongly supporting the clonality of the mAb- 17 hybrid- 
oma. Sequence studies of the mAb- 17 H-chaln are cur- 
rently underway. 

The binding constant of each mAb was estimated by 
the ELISA-based method of Friquet et al. (16) as modified 
by Stevens (1 7|. Eight of the 1 2 mAb were of high affinity 
with Ka estimated as 1 x 10® M"' or more (Table 1) 
whereas that of three others was estimated as less than 
10® M"'. The binding constant for the IgA mAb was not 
determined. 

Four of 1 0 mAb blocked hydrolysis of DNA by native 
NASE (Fig. 3). Three of the four (mAb- 19, mAb-22, and 
mAb-25) bind to the same region of NASE (see Figs. 1 
and 2). In fact mAb- 19 and mAb-25 belong to the same 
complementation group and mAb-22 binds to an "over- 
lapping" epitope. The fourth mAb (mAb-1) inhibits en- 
zyme activity, albeit at a higher concentration (consistent 
with its lower binding constant) and is directed to a region 
spatially distinct from the other three inhibitory antibod- 
ies (Fig. 2). The other mAb had little or no effect on 
activity even when added at very high concentrations. 
Data presented below and elsewhere (8) strongly suggest 
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Figure 1. Complementation and com- 
petitive inhibition analysis of tlie binding 
of monoclonal antibodies to NASE. A, 
Complementation assay: NASE was added 
to wells of a microliter plate that had been 
previously coated with a mAb. The bind- 
ing of a second. HRPO-conjugated mAb to 
the trapped NASE was monitored by 
ELISA. The results arc presented as per- 
cent maximum binding with 100% equal 
to that achieved by the excess labeled an- 
tibody in an assay where binding was not 
inhibited. B, Competitive Inhibition assay: 
The ability of Increasing amounts of an 
unlabeled mAb to Inhibit binding to NASE 
(coated onto wells of a microliter plate) of 
a constant amount of HRPO-conJugated 
mAb was monitored by ELISA. The results 
arc presented as percent inhibition of 
binding of the same amount of labeled 
antibody in the absence of Inhibitor. 
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TABLE I 

Association constants and isotypes of anti-nuclease mAb 

Isotypc K^ (M'') 



B 



mAb" 


Isotypc* 


KA(M-'r 


mAb 


1 


IgGl 


1 X 10^ 


19 


6 


lgG2b 


<10'' 


21 


10 


IgGl 


10^° 


22 


12 


IgGl 




23 


17 


ND 


I X 10° 


24 


18 


IgGl 


7 X 10« 


25 



IgA 

IgG2a 

IgGl 

IgG2b 

IgGl 

IgGl 



ND 

<10» 

10'° 

2x 108 

<10» 

10'° 



"mAb-1, mAb-6, mAb- 10, and mAb- 12 are derived from fusion with 
CAF, spleen cells. The others are derived from fusion with BALB/c spleen 
cells. 

All have K L chains. 

•"Ka = 10*° means affinity too high to measure by ELISA. 




Figure 2. Complementation groups of anti-NASE mAb. Dlagramatlc 
representation of the relative positions of the epitopes detected by the 
antl-NASE mAb. Based on results presented in Figure 1 . 

that each antibody inhibits activity by directly blocking 
substrate binding rather than by inducing conforma- 
tional changes when binding at sites distal to the enzyme 
catalytic site. 

Epitope mapping using variant NASE molecules. Sev- 
eral variant NASE molecules were produced by mutage- 
nesis of the cloned NASE coding sequence. These variant 
NASE molecules were used in a direct-binding ELISA 
assay in an attempt to localize one or more epitopes 
defined by the panel of mAb described above. The results 
of data compiled from several such assays are summa- 
rized in Table 11. The substitutions shown at five residues 
(residues 49. 53, 63, 110 and 116) had little or no effect 
on binding by any of the nine antibodies used. In con- 
trast, substitutions at position 46, 127, and 133 had 
major effects on the binding of one or more antibodies. 
Substitution of glutamine for lysine at position 127 (the 
K 1 279 variant: Table II) had a major effect on the binding 
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Time (min) Monoclonal Antibody Inhibitor 

Figured, Effect of monoclonal antibody binding on enzyme activity. 
A. Kinetics of nuclease activity In the presence and absence of antl-NASE 
mAb. Enzyme was added to a solution containing antibody and DNA 
substrate at t = 0 and the hydrolysis of DNA monitored at 260 nm, B, 
Enzyme activity was determined in the presence of various antl-NASE 
mAb. The results are presented as percent of the activity in the absence 
of mAb. The amount of antibody added, in ^ig. Is Indicated above each 
bar. 

TABLE II 

Reactivity of NASE variants with anti-NASE mAb" 
mAb 



Vdi laiiL 


1 


10 


12 


17 


18 


19 


22 


23 


25 


H46R 


100 


100 


100 


100 


100 


100 


100 


100 


0 


K49N 


90 


86 


85 


90 


100 


85 


100 


80 


70 


K53N 


87 


98 


96 


ND 


96 


ND 


ND 


85 


ND 


K63N 


100 


100 


100 


ND 


ND 


ND 


ND 


ND 


ND 


KllOA 


85 


100 


100 


100 


100 


100 


100 


80 


100 


K116A 


100 


100 


100 


90 


100 


100 


100 


100 


100 


K116D 


100 


100 


100 


100 


100 


100 


100 


100 


100 


K1279 


40 


35 


30 


100 


10 


100 


25 


25 


75 


K133T 


9 


69 


62 


100 


100 


100 


100 


100 


100 



*■ Results are presented as percent of wild-type reaction, and are com- 
plied from several experiments. 

of six of nine antibodies assayed. The broad effect of this 
substitution has not been investigated further but it is 
interesting to note that the six mAb affected bind to a 
cluster of "overlapping" epitopes (Fig. 2). 
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The other two variant molecules (H46R and K133T) 
each affected the binding of only a single mAb (Table II). 
Thus, as a first approximation, the epitopes defined by 
mAb-1 and mAb-25 are localized in the region of the 
surface residues K133 and H46, respectively. 

DISCUSSION 

We have analyzed the effect of amino acid substitutions 
on antibody binding as a method of Identifying which 
residues of the Ag are involved in interaction with anti- 
body. We chose NASE as a model Ag for several reasons. 
First, the structure of NASE is known to high resolution 
(19). Second, the immunology of NASE has been ad- 
dressed to a limited extent (20), supplying background 
Information for our studies. Third and more importantly, 
the availability of the cloned gene in an expression vector 
made NASE appropriate for structure-function analysis 
by site-directed mutagenesis. We began our analysis of 
the antigenic surface of NASE by generating and char- 
acterizing a panel of anti-NASE mAb. 

Twelve anti-NASE mAb were selected from a large 
panel of anti-NASE hybridomas and characterized for 
use in Ag structure studies. The mAb were placed in eight 
complementation groups based on their distinct binding 
patterns, and together define a series of eight overlapping 
epitopes. The complementation assay that we used deter- 
mines the ability of a labeled mAb to bind to Ag trapped 
by another mAb immobilized on the assay plate. It is 
assumed that any mAb that does not bind to the trapped 
Ag recognizes an epitope either identical to, overlapping 
with, or very nearby (so as to be sterically hindered from 
binding) the epitope recognized by the immobilized mAb. 
The three possibilities listed cannot be distinguished by 
this or any other competition assay. Therefore, we will 
use the term ''overlapping epitope" to describe either a 
true overlapping epitope (shares contact residues with a 
nearby epitope) or a nearby epitope that does not share 
contact residues but that is sufficiently close so that 
binding of both antibodies is not possible. A recent report 
from Smith-Gill et al. (21) suggests that antibodies that 
show competitive inhibition truly overlap and for an 
antigen with a relatively small radius of curvature (such 
as NASE and lysozyme). steric hlnderance is unlikely to 
be the cause of '^competitive exclusion." 

Considering the water accessible surface area of NASE 
(7840 A=*) (22) and an average epitope area (770A^) (23), 
we estimate that the epitopes defined by the entire panel 
of antibodies covers a large portion of the NASE surface. 
This is consistent with the conclusion that the entire 
surface of a protein is immunogenic as proposed in the 
multideterminant-regulatory hypothesis (24). Four of the 
complementation groups have multiple members, provid- 
ing reagents for analyzing fine specificity differences 
between antibodies that may recognize the same or very 
similar epitopes. The panel also contains a variety of 
isotypes. IgGl . IgG2a, IgG2b, and IgA. and most antibod- 
ies are of high affinity, with the majority having affinity 
constants of 10® M"* or more. The method used for deter- 
mining affinity constants is limited by the conditions and 
parameters of the ELISA assay. Thus these are conserv- 
ative estimates and the Ka of several of the mAb may be 
more than 1 x 10^° M"'. 

Four mAb blocked the enzyme activity of NASE. mAb- 
25 maps to H46 located at the edge of the enzyme active 



site consistent with the ability of mAb-25 to inhibit en- 
zyme activity. Interestingly, mAb- 19, which also blocks 
enzyme activity, belongs to the same complementation 
group as mAb-25 (Table 1; Fig. 2) but was unaffected by 
the H46R substitution. This suggests that mAb- 19 and 
mAb-25. if they do react with the same epitope, have 
distinct differences in fine specificity. mAb-22. which 
also blocks enzymatic activity, was shown to overlap with 
this group. The fourth mAb (mAb-1) is directed to another 
region of NASE that includes the K133 residue. K 133 is 
located at the top of a shallow groove a significant dis- 
tance away. It has been suggested that residues in the 
vicinity of Kl 33. although not part of the catalytic site of 
NASE, do participate in binding of the large m.w. DNA 
substrate (19). The location of the critical residues that 
define the epitopes for mAb-25 and mAb-1, H46 and 
K133 respectively, suggest that these antibodies block 
binding of the large DNA substrate. 

We used a limited panel of single amino acid NASE 
variants, generated by site-directed mutagenesis, to 
screen these mAb in an assay designed after traditional 
mapping experiments using species variants. The prem- 
ise of these studies is that antibody binding is sensitive 
to amino acid changes when these changes reside in the 
epitope recognized by that antibody. Using only nine 
single amino acid variants of NASE. we were able to map 
the general location of the epitopes recognized by two of 
nine anti-NASE mAb. These two epitopes do not overlap 
each other because the mAb that define them, mAb-1 
and mAb-25, belong to different complementation 
groups. An Important assumption, in this analysis, is 
that the single amino acid variants of NASE generate 
only local effects and do not cause long range structural 
alterations that indirectly influence antibody binding. As 
evidence that surface substitutions do not cause long 
range effects, those variants that showed reduced bind- 
ing to one antibody had no effect on binding by the other 
antibodies. The exception was the K1279 substitution, 
which disrupted binding of several antibodies. However, 
the structural alterations in this variant are relatively 
local since other antibodies (mAb- 17. mAb- 19, and mAb- 
25] bound KI279 with wild- type reactivity and those 
antibodies with reduced binding form a cluster of anti- 
genic regions on NASE. Further characterization of some 
of these and other variant NASE molecules is described 
in the accompanying report (8). 

We have thus provided an initial description of an Ag- 
antlbody system for which the Ag lacks disulfide bonds, 
for which the crystal structure is known to high resolu- 
tion, and for which the coding sequences have been 
cloned to allow easy manipulation of the structure of the 
protein Ag. Using this system we have described here the 
production and characterization of a panel of mAb that 
together define a series of eight overlapping epitopes on 
NASE. Using site-directed mutagenesis we have mapped 
epitopes recognized by two of these mAb on the surface 
of NASE. These results and those presented in the accom- 
panying report (8). which presents a more detailed analy- 
sis of one of these two epitopes, clearly demonstrate the 
efficacy of site-directed mutagenesis In the study of pro- 
tein antigenicity. 
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Using antiserum to native bovine serum albumin and 
antigenically active fragments of the protein, we have 
isolated antibodies directed to each of the three do- 
mains and to several subdomains of the albumin mole- 
cule. Using albumin and these fragments as inhibitors 
of the reaction between *^^^I-aIbumin and any given 
antibody population, we have demonstrated that: (a) 
each domain of albumin is antigenically distinct from 
each of the other domains; (6) each domain possesses 
a minimum of two different antigenic determinants; 
and (c) the entire albumin molecule possesses a mini- 
mum of six different, nonrepeating, antigenic determi- 
nants. 



Recent studies (1-3) from our laboratory have demon- 
strated the efficacy of using immunocheniical methods to 
study the refolding of complex protein molecules. Using anti- 
sera to native bovine serum albumin and antigenically active 
fragments of the albumin, we have isolated antibodies directed 
against each of the domains and several subdomains of the 
albumin molecule. These antibodies were then used to inves- 
tigate the refolding of denatured albumin to its native anti- 
genic form. These studies have demonstrated that: ( a) albu- 
min is composed of three independently refolding domains 
(2); (6) adjacent domains have a restrictive effect on the 
folding of each given domain (2); (c) each independently 
refolding domain basically follows the same sequence of re- 
folding, i.e. the COOH terminus of each domain folds more 
rapidly than the NH2- terminal portion (3); and (d) antibody 
may be used as a probe for possible nucleation sites. ^ 

The significance of these observations requires that each 
population of antibody isolated from the fragment immuno- 
adsorbent columns is specific for the region represented by 
that fragment. The antigenic activity of the fragments used 
previously (1-3) suggested that albumin is composed of mul- 
tiple, different, antigenic determinants since any given frag- 
ment would only partially inhibit the reaction between anti- 
body and albumin. Furthermore, the maximal extent of inhi- 
bition observed was proportional to the fragment size, as 
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would be expected if albumin did possess multiple, different, 
antigenic determinants. These results are in agreement with 
a large body of evidence in previous reports on the antigenic 
properties of albumins (4-18). 

The data presented in this paper represent a full immuno- 
chemical description of each of the antibody populations 
previously used. The results demonstrate that each domain of 
serum albumin is antigenicaUy distinct from each of the other 
domains; that each domain possesses a minimum of two 
different antigenic determinants; and that the entire albumin 
molecule possesses a minimum of six different, nonrepeating, 
antigenic determinants. 

EXPERIMENTAL PROCEDURES 
Materials 

Crystalline bovine serum albumin was obtained from Armour; 
carrier and reductant-free sodium ['^^IJiodide was obtained from 
Amersham/Searle. Bovine albumin was trace-labeled according to 
the method of McConahey and Dixon (19). 

Methods 

The following methods have been previously described in detail 
(1-3): immunization of rabbits with albumin, preparation and use of 
inmiunoadsorbents, the cleavage method and isolation procedures 
used to obtain each of the antigenically active fragments of albumin, 
and the chemical characterization of each of the fragments used. 

Inhibition Assay — The assay was as previously used in our refold- 
ing studies (1-3) and is a modification of the Farr procedure (20). The 
following were added to each assay tube in the order given; 100 pA of 
'^"^I-albumin (50 ng); 100 of inhibitor (albumin or fragment in 
varying amounts); 200 ^l of a 1:4 dilution of normal rabbit serum as 
carrier protein; and 100 ^l of a given antibody solution (previously 
determined to be sufficient to bind 50% of the '^^I-albumin in the 
absence of any inhibitor). All dilutions of '^'1-albumin, inhibitor, or 
antibody were made in phosphate-buffered saline (NaCl/PO contain- 
ing 1% NRS.^ The contents of each tube were mixed, incubated at 
room temperature for 30 min, and then cooled to 0*C in an ice bath. 
Saturated ammonium sulfate (500 pJ) was then added, the contents of 
each tube mixed, and let stand at O^'C for 30 min. The precipitate was 
sedimented at 2000 rpm for 30 min at 4°C in an International PR-6 
refrigerated centrifuge. The supernatant was decanted and the pre- 
cipitate washed twice with ice-cold 50% saturated ammonium sulfate 
in NaCl/Pi. *"I-albumin in each precipitate was determined in a 
Beckman Biogamma II y-counter. Controls included tubes without 
inhibitor (binding control) and tubes without antibody (nonspecific 
precipitation control). Triplicate assays were carried out at each 
inhibitor and control concentration. The per cent inhibition was 
calculated as follows for each inhibitor concentration used: 

A- B 

% inhibition = — : — X 100 
A 

where A is the per cent precipitation in the absence of inhibitor 
(binding control) and B is the per cent precipitation in the presence 
of inhibitor. The results are plotted as the per cent inhibition versus 



^ The abbreviation used is: NRS, normal rabbit serum. 
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the molar ratio of peptide: '"I -albumin for each concentration of 
inhibitory peptide used. 

Nomenclature— Fig. 1 shows the domains and disulfide loop struc- 
ture of bovine albumin as proposed by Brown (21). This schematic 
also shows the position of each fragment within the sequence of 
albumin and the cleavage method used to produce each fragment. 

Fig. 2 shows the sequence of immunoadsorbents used to fractionate 
the anti-albumin into subpopulations of antibody. Figs. 1 and 2 also 
show the nomenclature used to describe each antibody population 
and each fragment used in these studies. The antibody nomenclature 
is such that it describes the portion of the intact molecule to which 
the antibody is directed, e.g, antibody directed to each of the three 
domains of albumin are anti-DI, anti-DII, and anti-DIII. Antibody to 
each subregion of a given domain is noted as being directed either to 
the COOH- terminal portion ( e.g. anti-DI-C) or to the NH?- terminal 
portion {e.g. anti-DI-N) of each domain. The amino acid residues, 
within the linear sequence of albumin, to which the antibody is 
directed are given in parentheses, e.g. antibody directed toward the 
first domain is given as anti-DI (N 1-183); antibody to the COOH- 
terminal portion of the first domain is given as anti-DI-C (N 115-183); 
and antibody to the NH2-terminal portion of the first domain is given 
as anti-DI-N (Nl-114). The antibody populations used in this study 
are double underlined in Fig. 2, 

Each fragment is noted by the method used for cleavage and the 
amino acid residue numbers in the fragment, e.g. fragment T377-581 
(representing domain III) was produced by limited cleavage with 
trypsin and includes residue numbers N37 7-581; fragment CNBri-i^ 

DOMAIN I DOMAIN n DOMAIN ZI 

I \ 1 1 



ANTIBODY FRAOMENT 
+ + 

+ 

+ + 



CNBf 1-183 



CNBr 184-581 



CLEAVAGE 
METHOD 



TRYPSIN 
CNBr 



P 307-385 

T377-5BI 



PEPSIN 
TRYPSIN 



+ 

+ + 

377-303 

+ - I 1 

P 504 -SSI 

4- + • < PEPSIN 

Fig. 1. Schematic representation of the domain structure of albu- 
min, the position of the disulfide loops, and the antigenically active 
fragments of the molecule that have been isolated. Included in the 
figure are the cleavage methods used to obtain the fragments plus the 
regions to which the restricted populations of antibody used in these 
experiments are directed. 
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Fig. 2. Schematic representation of the sequence of immunoad- 
sorbents used to fractionate anti-bovine albumin into subpopulations 
directed against the domains and several subdomains of albumin. 



(representing domain I) was produced by cleavage with cyanogen 
bromide and includes residues N 1-183; and fragment P.vh-&8j (repre- 
senting the COOH-terminal portion of domain III) was produced by 
limited cleavage with pepsin and includes residues N504-581. 



RESULTS 



Inhibition of the Reaction of Whole Anti-albumin and *^^7- 
albumin— The inhibitors used in these experiments were: (a) 
intact native albumin; (6) fragment CNBfuiea (domain I); (c) 



Table I 

Specificity of antibody directed to the subdomains 0 
albumin 


f bovine serum 


Antibody'' 


Inhibitor* 


Maximum' 
inhibition 


Molar ratio'' 
at 50% maxi- 
mum inhibi- 
tion 


Anti-albumin 


Albumin 
CNBr,_]B3 
T377-58) 
CNBri84-58i 
CNBri_j83 + 
CNBri84-58i 


100 
32 
44 
72 

100 


1.07 
12.00 
2.40 
6.01 
8,90 


Anti-DI (Nl-183) 


Albumin 
CNBrjo83 

T377-5ai 

CNBr,84.58i 


100 
100 
0 
0 


1.00 
4.50 


Anti-DI-C 
(N115-183) 


Albumin 
CNBri-iM 

Tl]5-l84 


100 
97 
81 


0.97 
5.00 
90.00 


Anti-DI-N (Nl-114) 


Albumin 
CNBri-183 

Tli5-lfr4 


100 
98 
4 


1.10 
5.40 


Anti-DII 
(N 184-376) 


Albumin 

CNBriw-Mi 

CNBr,_,83 

T377-5ai 


100 
96 
6 
3 


1.08 
7.00 


Anti-DII-C 
(N307-376) 


Albumin 
CNBri8^-6ei 
P307-380 
T377-581 


100 
98 
98 
0 


1.00 
7*20 
84.00 


Anti-DII-N 
(N 184-306) 


Albumin 

CNBrjs4-5«j 

P307-385 

T377-5fll 


100 
95 
7 
2 


0.97 
5.70 


Anti-DIII 
(N377-581) 


Albumin 

T377-S81 
CNBr,-i83 


100 
100 
7 


1.14 
2.40 


Anti-DIII-C 
(N504-581) 


Albumin 

T377-581 
P5M-&81 
P307-385 

Ti)5-IM 


100 
98 
90 
0 
0 


I.IO 
4.70 
21.00 


Anti-DIII-N 
(N377-603) 


Albumin 

T377-561 

Pfi04-Ml 


100 
100 
6 


1.17 
2.90 



" Antibody solution used in the inhibition assay. Numbers in pa- 
rentheses represent the amino acid position number in the sequence 
of albumin against which the antibody is specific. See text for fiiU 
nomenclature description. 

* Peptides used in the inhibition assay. Numbers represent the 
position of the peptide in the sequence of albumin. See text for full 
nomenclature description. 

'"Maximum inhibition observed at the highest concentration of 
inhibitor used. 

Molar ratio, of peptide to *"l-albumin, in the assay at which 50% 
maximum inhibition was observed. 
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fragment Ts??-,^! (domain III); (d) fragment CNBri84..'iHi (do- 
mains II + III); and (e) an equimolar mixture of fragments 
CNBruia? and CNBrisn-sHi- The results shown in Fig. 3 and 
Table I demonstrate that only intact albumin and the equi- 
molar mixture of fragments CNBruies and CNBrifu-Mi will 
inhibit 100%. Each of the fragments used alone gives incom- 
plete inhibition. The sum of the maximum inhibitions given 
by fragments CNBri.iH;j and CNBriH4-r,«i (together representing 
all three domains) is 104% and thus accounts for all the 
antigenic activity of albumin. Indeed, addition of an equimolar 
mixture of these two fragments results in 100% inhibition 
(Table I) (14, 22). To date we have not been able to isolate a 
fragment representing domain II alone. However, since frag- 
ment TaTT-wi represents domain III and fragment CNBri^-Mi 
represents domains II -l- III (Fig. 1), the difference between 
the maximum inhibition given by each of these fragments 
should represent the fraction of the total anti-albumin that is 
specific for domain II, i.e. 72% — 44% = 28%. A similar result 
is obtained if one subtracts the maximum inhibitions given for 
fragments CNBri.iai (domain I) and T377-.S8] (domain III) from 
that given for intact albumin (domains I + II + III), i.e. 1(X)% 
- (32% + 44%) 24%. The fraction of the total anti-albumin 
reactive with any given domain varied slightly from antiserum 




581 



MOLAR RATIO (PEPTI DE/ALBUMIN) 

Fig. 3. Inhibition of the reaction between anti-albumin and "'"l- 
albumin. Reaction tubes contained 50 ng of '^^1 -albumin and anti- 
albumin sufficient to bind 50% of the '^'"^I-albumin and varying 
amounts of albumin or fragments of albumin as inhibitory peptides. 

Inhibitors; Q fragment CNBri_iH;i (domain 1); □ fragment 

T;»77-!»«i (domain III); ▲ fragment CNBriM-.w) (domains II + 

III); • albumin (domains I + 11 + III); O O, theoretical 

inhibition curve calculated from the amount of albumin known to be 
added as inhibitor. All assays were carried out in triplicate. Standard 
error between triplicates never exceeds that represented by the width 
or diameter of the symbol used. 



to antiserum, as would be expected, yet was fairly evenly 
distributed. 

The molar ratio of peptide:albumin required for 50% maxi- 
mum inhibition is indicative of the relative integrity of the 
antigenic determinants on each fragment. The ratios observed 
(Table I) indicated that each fragment has retained a high 
degree of native antigenic conformation. The specificity of 
each antibody population for native structure has been pre- 
viously demonstrated with reduced albumin and reduced frag- 
ments (1-3), and in addition none of the antibody populations 
used in this paper was reactive with reduced and carboxy- 
methylated albumin or fragments. 

Inhibition of the Reaction between I- Albumin and An- 
tibodies to Each Domain — The specificity of antibody di- 
rected against each of the three domains was determined by 
using albumin and various fragments as inhibitors. The reac- 
tion between *^^I-albumin and anti-DI (N 1-183) was inhibited 
100% by both albumin and by fragment CNBri.iH.-) (Fig. 44). 
The molar ratios at 50% maximum inhibition were 1.0 and 4.5, 
respectively (Table I). Fragments representing other domains 
showed no inhibition even at very high molar ratios. Thus, 
antibody not absorbed by columns bearing fragment 
CNBritH-GHi (negative selection) was specific for the region of 
albumin representing domain I. Identical results were ob- 
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MOLAR RATIO (PEPTIDE/ALBUMIN) 
Fig. 5. Inhibition of the reaction between '^'I-albumin and anti- 
bodies to subregions of domain I. Conditions were the same as Fig. 3 
except that the subpopulations of antibody indicated were used at 
concentrations sufficient to bind 50% of the '^'^I-albumin. i4, anti-DI- 

C (N115-183). Inhibitors: • #, albumin; □ fragment 

CNBruitw; ▲ A, fragment Tur.-jw. B, anti-DI-N (N1-U4). Inhibi- 
tors: • #, albumin; □ □, fragment CNBri.isj; A frag- 
ment Tii5-]a4. 



Fig. 4. Inhibition of the reaction be- 
tween '^'^I -albumin and antibodies to 
each domain of albumin. Conditions 
were as described in Fig. 3 except that 
th^ subpopulations of antibody indicated 
were present at concentrations sufficient 
to bind 50% of the '*^'l-albumin. A, anti- 
DI (Nl-183). Inhibitors: • •, albu- 
min (domains I + II + HI); □ 

fragment CNBri.18;) (domain I); ▲ 

fragment CNBRim-mi (domains II + III) 
or fragment T377-W1 (domain III). anti- 
DH (N184-376). Inhibitors: • al- 
bumin; □ □, fragment CNBriM-wi 

(domains II + III); ▲ fragment 

T;)77-5»ti or fragment CNBrt-iaj. C, anti- 
Dili (N377-581). Inhibitors: • al- 
bumin; fragment Tstt-.-wi; 
▲ fragment CNBri.tH;j. 
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MOLAR RATIO (PEPTIOE/ALBUMIN) 

Fig. 6. Inhibition of the reaction between '^'"'I-albumin and anti- 
bodies to subregions of domain II. Conditions were the same as Fig. 
3 except that the subpopulations of antibody indicated were used at 
concentrations sufficient to bind 50% of the '^''I-albumin. A, anti-DII- 

C (N307-376). Inhibitors: # 0, albumin; □ □, fragment 

CNBriHi-w]; A fragment P:,(,7-;«fl. B, anti-DII-N (N184-306). 

Inhibitors: • albumin; □ □, fragment CNBriM-Mi; 

A fragment P;k)7-:ih5. 



anti-DI-C (N115-183) was inhibited 100% by albumin, by 
fragment CNBri.i8.i, and by fragment Tn.-v-is* with molar ratios 
at 50% inhibition of 0.97, 6.0, and 90.0. respectively (Table I). 
The relatively high molar ratio for fragment Tur^-i^w demon- 
strates that this smaller fragment had undergone more con- 
formational changes than the same region in fragment 
CNBri.iH;j. No significant inhibition was observed with non- 
domain I fragments, le. fragments CNBrifM-r,Hi, T;j77-r.Hi, P;jo7-.t«5, 
or Pr,04-r>«i- 

Fig. 5B shows that anti-DI-N (Nl-114) was inhibited 100% 
by albumin and by fragment CNBruiat with 50% inhibition 
molar ratios of LIO and 5.4, respectively (Table I), but not by 
fragment Tnr».iH4 or any non-domain I fragments. Thus, do- 
main I of albumin possesses at least two different antigenic 
determinants, one residing within the NH2-terminal portion 
and one within the COOH-terminal region. 

Figs. 6 and 7 and Table I present the results of identical 
determinations of the specificity of antibody directed against 
subregions of domains II and III, respectively. Thus, each 
domain of albumin possesses two different antigenic determi- 
nants unique to that domain for a minimum of six nonrelated 
determinants on the intact protein. No cross-reacting deter- 
minants between domains could be demonstrated with this, 
or any other, antiserum. 
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MOLAR RATIO (PEPTIOE/ALBUMIN) 

Fig. 7. Inhibition of the reaction between '^'I-albumin and anti- 
bodies to subregions of domain III. Conditions were the same as Fig. 
3 except that the subpopulations of antibody indicated were used at 
concentrations sufficient to bind 50% of the '^''I-albumin. A, anti-DIII- 

C (N604-581). Inhibitors: • albumin; □ □, fragment 

Ta77-58i; A fragment P.w.mj. anti-DIII-N (N377-503). Inhib- 
itors: • •, albumin; □ □, fragment T377-S81; A fragment 

tained with antibody eluted from fragment CNBri -ia3 immu- 
noadsorbents (positive selection). 

Similar assays were performed with antibody directed 
against domains II and III (Fig. 4, B and C, respectively, and 
Table I) with identical results, i.e. these antibodies were 
reactive only with albumin and those fragments containing 
the correct domain. 

Inhibition of the Reaction between ^^'"^ I -Albumin and An- 
tibodies to Subregions of Each Domain— Anti-Dl (Nl-183) 
was further fractionated into two antibody populations (Figs. 
1 and 2) directed against the COOH-terminal portion and the 
NH2-terminal portion of domain I using an immunoadsorbent 
containing fragment Tn.vi84. These antibody populations were 
termed anti-DI-C (N115-183) and anti-DI-N (Nl-114), re- 
spectively. The specificity of these two antibody populations 
was determined using albumin and various fragments as in- 
hibitors. The results presented in Fig. 5A demonstrate that 



DISCUSSION 

The results presented in this paper demonstrate a minimum 
of six different, nonrepeating, antigenic determinants on bo- 
vine serum albumin with a minimum of two antigenic deter- 
minants unique to each of the three domains of the molecule. 
No evidence was found for determinants common to the three 
domains. 

Inhibition of the reaction between antinative albumin and 
'^'l-albumin by fragments representing one or more domains 
was never complete even at a 1000-fold molar excess of the 
fragment. In contrast, inhibition with the native protein (con- 
taining all three domains) was 100% and was essentially iden- 
tical with that predicted based on the quantity of inhibitor 
albumin added (Fig. 3). The maximum inhibition observed (or 
calculated) for the regions representing domains I, II, and III 
was 32%, 24 to 28%, and 44%, respectively. Thus, the amount 
of antibody reactive with each domain was fairly evenly 
distributed. This would suggest that each domain possesses 
an equal number of antigenic determinants. Based on what is 
known of the antigenic structure of sperm whale myoglobin 
(23) and assuming the number of antigenic determinants on 
a protein molecule is directly proportional to molecular 
weight, one would predict six to seven determinants per 
domain for albumin and a total of 18 to 21 on the entire 
molecule. 

The fact that no fragment would give complete inhibition 
of the reaction between albumin and whole anti-albumin 
suggests that each fragment possessed some, but not all, of 
the antigenic determinants of the protein (Fig. 3) (2, 14, 22). 
We have previously shown that the maximum extents of 
inhibition by two nonrelated fragments of albumin are addi- 
tive (14, 22). These results were confirmed in the present 
study (Table I) and are similar to results obtained with 
fragments of sperm whale myoglobin bearing different anti- 
genic determinants (24). 

Anti-albumin was fractionated into subpopulations of anti- 
body using immunoadsorbents bearing fragments of the mol- 
ecule (Fig. 2). Each subpopulation was shown to be specific 
for a given region in that its reaction with ''^'^I-albumin was 
inhibited only by albumin or by fragments containing that 
region of albumin. Whereas the reaction between '^''I-albumin 
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and anti-albumin was only partially inhibited by any given 
fragment (Fig, 3), the reaction between '^^I-albumin and an- 
tibody to any given region was completely inhibited by a 
fragment containing that region but not at all by fragments 
not possessing that region (Figs. 4 to 7 and Table I). This can 
only be interpreted to mean that: (a) albumin and the corre- 
sponding fragment bear the same antigenic determinants with 
reference to a given subpopulation of antibody; and ( b) these 
antigenic determinants are not found elsewhere on the albu- 
min molecule. 

The molar ratio of peptide to ^^^I-albumin required for 50% 
maximum inhibition is indicative of the structural integrity of 
the antigenic determinants on the fragment relative to the 
same determinant on albumin. The fragments used in these 
studies were found to be relatively efficient inhibitors with 
molar ratios at 50% maximum inhibition ranging from 2.4 to 
90.0 (Table I). The larger fragments, representing one or more 
domains, were the most efficient. The relatively large molar 
ratios of 6.0 and 12.0 for fragments CNBri.i«.'i and CNBriH4-r,Hi 
as compared to 2.4 for fragment T;j77-r>8i and 1.0 for albumin 
itself may have been due to slight conformational changes 
caused by cleavage at internal methionine residues by cyan- 
ogen bromide. The larger molar ratios for the smaller frag- 
ments (Table I) indicate a greater degree of conformational 
change as compared to the same regions of intact albumin. 

The hypothesis presented above that serum albumin con- 
tains multiple, nonrepeating, antigenic determinants is sup- 
ported by evidence from a large number of studies dealing 
with the antigenic activity of fragments of serum albumins 
(4-9, 14, 17, 18, 22), antibody synthesis by single cells (15), 
serological cross-reactions of antibody to albumins (10, 11), 
and specific acquired immunological tolerance to albumins or 
to fragments of albumins (12, 13, 16). 

In contrast to all of the above, Atassi and his colleagues 
(25-28) have recently suggested that bovine albumin is com- 
posed of three antigenically identical (or very similar) do- 
mains. The techniques they used, although different from 
those used by us, are similar to those used by Porter (4, 5), 
Lapresle (6. 7), Weigle (10), and by Timpl et al. (11), all of 
whom could find no evidence for repeating antigenic deter- 
minants on serum albumins. The results of Atassi and his 
colleagues do present some anomalies, as follows: (a) anti- 
bovine albumin would not precipitate with a fragment repre- 
senting the majority of domain I (26) or domain III (27), yet 
antibody produced to either fragment would not only precip- 
itate with bovine albumin but also with both fragments (28); 
( b) absorption of anti- fragment with the other fragment re- 
moved all antibody precipitating with albumin or the absorb- 
ing fragment, but not with the fragment to which the antibody 
was produced (26); and (c) multiple absorptions of anti-albu- 
min by either fragment were required to remove all antibody 
(26, 27). However, recent reports from another laboratory (17, 
18), using immunoadsorbent techniques similar to those used 
by Atassi (26-28), fiilly support the concept of multiple, non- 
repeating determinants. These differences in results between 
the studies of Atassi and his colleagues (25-28) and those of 
others (4-18, 22) and the present study cannot yet be fully 
explained. 

One would not necessarily expect cross-reactions between 
antibodies directed to structurally homologous regions of al- 
bumin. The maximum extent of identity in amino acid se- 
quence between any two of the three domains is 25% (29). 
Indeed, if one determines the identity shared between all 
three domains it is only 19/193 residues or 10%. Of these 19 
identical residues, 8 are cysteine residues involved in disulfide 
bonds and apparently conserved in all mammalian albumins 



and possibly in avian albumins (21, 29, 30). If one compares 
the amino acid sequences of bovine and human serum albumin 
(21, 30), it is seen that of the 19 residues identical between the 
three domains of bovine albumin 18/19 are also found in 
human albumin. These residues, therefore, are probably re- 
quired for domain structure and function and are probably 
highly conserved throughout evolution. This is even more 
striking if one considers that human and bovine albumins 
cross- react only to the extent of 15% (10, 11), yet are approx- 
imately 80% identical in sequence (29). 

Antibody produced to albumin in rabbits would be directed 
to structures not shared between bovine and rabbit albumins. 
If rabbit albumin shows a high degree of sequence homology 
with bovine albumin, as does the human protein, and if the 
residues that are identical between domains of albumin are 
also found in rabbit albumin, as they are in human albumin, 
then one would not expect the rabbit immune system to see 
these regions as antigenic determinants. Although we cannot 
assume that identity in amino acid sequence is required for 
antigenic cross-reactivity, we can assume that mammalian 
antibody produced against mammalian proteins will be pri- 
marily directed toward structures that are quite different (and 
not conserved) between the antigen and the same protein 
molecule in the responding animal. Thus, only in those cases 
where the antibody to albumin is produced in very distantly 
related species ( i.e. avian or reptilian) or in individuals genet- 
ically deficient and thus not immunologically tolerant to their 
own species albumin (i.e. analbuminemia in humans) would 
we predict the production of antibody which recognizes similar 
structures in each of the three domains of bovine albumin. 

Acknowledgment— We are grateful for the skilled technical assist- 
ance of Ms. Candace Johnson. 

REFERENCES 

1. Teale, J. M., and Benjamin, D. C. (1976) J. Biol. Chem. 251, 

4603-4608 

2. Teale. J. M., and Benjamin, D. C. (1976) J. Biol Chem. 251, 

4609-4615 

3. Teale. J. M.. and Benjamin. D. C. (1977) J. Biol. Chem. 252. 

4521-4526 

4. Porter, R. R. (1957) Biochem. J. 66, 677-686 

5. Press, E. M., and Porter, R. R. (1962) Biochem. J. 83, 172-180 

6. Webb, T.. and Lapresle, C. (1964) Biochem. J. 91, 24-31 

7. Lapresle, C, and Webb, T. (1965) Biochem. J. 95, 245-251 

8. Bellon, F., and Lapresle. C, (1975) Biochem. J. 147, 585-592 

9. Walker, J. E. (1976) Eur. J. Biochem. 69, 517-526 

10. Weigle. W. O. (1961) J. Immunol 87, 599-607 

11. Timpl, R., Furthmayr, H., and Wolff, I. (1967) Int. Arch. Allergy 

32, 318-326 

12. Benjamin, D. C, and Weigle, W. 0. (1970) J. Exp, Med. 132, 

66-76 

13. Benjamin. D. C. and Weigle, W. O. (1970) J. Immunol 105, 

1231-1243 

14. Benjamin, D. C, and Weigle. W. 0. (1971) Immunochemistry 8, 

1087-1097 

15. Benjamin, D. C, and Weigle, W. 0. (1970) J. Immunol 105, 

537-540 

16. Benjamin. D. C, and Hershey, C. W. (1974) J. Immunol 113, 

1593-1598 

17. Kamiyama, T. (1977) Immunochemistry 14, 81-84 

18. Kamiyama, T. (1977) Immunochemistry 14, 85-90 

19. McConahey, P. J., and Dixon. F. J. (1966) Int. Arch. Allergy 

Appl Immunol 29, 185-197 

20. Farr, R. S. (1958) J. Infect. Dis. 103, 239-262 

21. Brown, J. R. (1975) Fed. Proc. 34, 591 

22. Benjamin, D. C. (1969) Ph.D. thesis, University of California, San 

Diego 

23. Atassi, M. Z. (1976) Immunochemistry 12, 423-438 

24. Crumpton, M. J., and Wilkinson, J. M. (1965) Biochem. J. 94, 

645-556 

25. Habeeb. A. F. S, A., Atassi, M. Z., and Ue, C. L. (1974) Biochim. 



8092 



Antigenic Structure of Bovine Albumin 



Biophys. Acta 342, 389-395 

26. Atassi. M. Z., Habeeb, A. F. S. A„ and Lee, C. L. (1976) Immu- 

nochemistry 13, 547-555 

27. Habeeb, A. F. S. A., and Atassi, M. Z. (1976) J. Biol Chem. 251, 

4616-4621 



28. Habeeb, A. F. S. A., and Atassi, M. Z. (1977) Immunochemistry 

14, 449-457 

29. Brown, J. R (1976) Fed. Proc. 35, 2141-2144 

30. Behran, P. Q., Spiekerman, A. M., and Brown, J. R. (1975) Fed, 

Proc, 34, 591 



